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1. Introduction

In recent years, nanocrystalline metals and alloys have captured the attention of the scientific
community, primarily due to the intriguing mechanical properties with which they are associated.
Numerous reports now indicate that an order of magnitude increase in strength is possible in
metals and alloys that exhibit grain sizes approaching the lower limit of nanocrystallinity (1-4).
While achieving high strength has never been a problem, the ability to achieve any amount of
uniform elongation, the prerequisite for appreciable ductility, has been a challenge in the past
5-7). Recently, numerous reports of improved ductility indicate that 10s of percent of elongation
may be possible in nanocrystalline metals (8—-10). The combined possibility of ultra-high
strength and improved ductility make nanocrystalline metals and alloys the future of advanced
metallurgy.

There are several methods for producing nanocrystalline (<100-nm grain size) metals and alloys;
however, none produces samples suitable for bulk mechanical applications. Many methods, such
as mechanical milling techniques, can produce metallic particulates (average diameter of

10-100 pwm) with an internal nanocrystalline microstructure <50 nm. The most convenient way
to consolidate the metal particles is through powder metallurgy techniques such as sintering.
Sintering allows the production of useful parts of almost limitless geometry. However, since this
method involves the application of heat and pressure, the microstructure of nanocrystalline
metals that gives rise to the advanced physical properties is in jeopardy of coarsening and
weakening. Thus, the technological aspects of the thermal stability in nanocrystalline materials
must be realized if steps are to be made toward large-scale applications.

2. Grain Growth and Stability

Conceptually, the perturbations between grains in a polycrystal, also known as grain boundaries,
are regions of disturbed lattice only a few atomic diameters wide, and generally account for an
insignificant fraction of the microstructure. As the grain size decreases below 10 nmin a
nanocrystalline material, the percentage of microstructure constituted by grain boundaries
increases, and can be in excess of 50%. Thus, grain boundaries in nanocrystalline materials can
account for a large increase of the total free energy of the system. The reduction of this excess
free energy, via the removal of grain boundary area, represents a large driving force for grain
growth. The driving pressure, P, for grain growth, based on the expansion of a curved interface,
is (11):
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where C is a constant, y, is the grain boundary free energy per unit area, and r is the radius of the
curvature of a grain, which is proportional to the grain size. When r is in the range of several
nanometers, the driving pressure for grain growth is large (~0.5 GPa). It has been demonstrated
that pure nanocrystalline metals (Al, Sn, Pb, Zn, and Mg [12-14]) exhibit extensive grain growth
at room temperature. Metals with higher melting points, such as Co, Ni, and Fe, are not
exceptions to this phenomenon and show rapid grain growth over moderate temperature ranges
(220-450 °C), resulting in grain sizes in the micron range at ~50% of their respective melting
temperatures (15-17). It is this thermal instability that limits the overall processing and
applications of nanocrystalline metals and alloys. Therefore, it becomes imperative to create
alloys that are resistant to grain growth at elevated temperatures.

The thermal stability of these microstructures is essential for adopting nanocrystalline materials
in commercial processes and applications. A number of investigations on the thermal stability of
nanocrystalline materials have been conducted based on controlling the parameters for the
velocity, v, of a grain boundary undergoing curvature-driven grain growth (18, 19):
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where M is the mobility, M is the pre-exponential factor for the mobility term, Q,, is the

activation energy for grain boundary mobility, R is the ideal gas constant, and T is the absolute
temperature. The pressure is entirely curvature-driven and therefore related to yy, the interfacial
energy per unit area, and the radius r of the grain. There are generally two approaches used to
reduce the velocity of a moving grain boundary—maodifying either the kinetic parameter (M) or
the driving force (P), the latter containing the thermodynamic parameter (yp).

Reduction in grain boundary mobility has been successful experimentally; however, because
mobility follows the Arrhenius law, the pinning pressure on grain boundaries by any obstacles
will eventually be overcome with the application of enough thermal energy (1). A more
promising approach could be to modify the thermodynamic parameter in the pressure term (y,),
which shows only a slight temperature dependence (20).

The grain boundary energy can be calculated by solving the Gibbs adsorption equation in the
dilute limit to yield the following (21, 22):

¥ =7 *T[AHg —TAS ], 3)



where y;, is the interfacial energy of the solvent, Iy is the specific solute excess at the interface, T
is the absolute temperature, and AH,., and AS;,, are the change in enthalpy and entropy by solute
segregation, respectively. AH,., consists of chemical (AH xem, as described by Defay et al. [23])
and elastic (AH,;, as described by McLean [24]) terms that were combined by Wynblatt and Ku
in accounting for surface segregation (25, 26). The enthalpy of segregation is given in the
original Wynblatt-Ku model (25) as AHeq = AH cpem+AH,;, where the chemical contribution is
given by

AH .., =y, — V)0 + 260[21'” (XZ N XZ)_I— Zou (XZ _%ﬂ ’ “)

where y, and y; are the surface energies for the solute and solvent, respectively; X,” and X, are
the atom fraction segregant of solute in the bulk and surface, respectively; o is the surface area
per mole; w is the regular solution parameter; and z;, and z,,, are the in-plane and half-of-the-out-
of-plane bonds of an atom in the surface plane. The regular solution parameter is given by

1 AH
w:gAB_E(gAA_SBB):M ) )
where the bond energies between atoms of the solute, 4, and the solvent, B, are given by the
corresponding ¢ values, AH,, is the enthalpy of mixing; and Z is the coordination number (Z = z;,

+ 2z,4). The elastic enthalpy is (27)
2KBGA (VB B VA)2
3KV, +4G V,

where AE,; is the change in elastic energy, K is the bulk modulus, G is the shear modulus, and V'
is the molar volume.

AH, = -AE, = - (6)

A new thermodynamic stabilization model has been developed (28) using the Wynblatt-Ku
model as its basis. This modified approach better accounts for grain boundary segregation where
some bonding across the boundary exists and also accounts for mass balance. The formula is
fully derived by VanLeeuwen et al. (28) and the reader is directed there for a more in-depth
treatment. Here we provide the most pertinent equations. The free energy change due to solute
segregation to a grain boundary can be expressed by

MG = (7,7, 1-a)o SA;’"’ |2 (x-x0)- zm,t[(XZ—%)—O{Xi—%)ﬂ%&’*ﬂ"{%} v

A

where a = 5/6 to account for cross-boundary bonding, X" and X' represent the bulk and grain
boundary concentrations of the solute, respectively, and AH,, is the enthalpy of mixing of an
equimolar liquid of A and B. The last term in equation 7 is the entropy of segregation, which
can be represented by ASy,. Given that AGye, = AHyeq — TAS;.,, rearranging of equation 3 gives
the normalized grain boundary energy as
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where the grain boundary surface excess for the bilayer model is given by I's = 2(Xa® — Xa")/o,
and the interfacial energy for a grain boundary, y,, can be estimated as one-third the solvent
surface energy (29). The grain boundary energy is based on the pure solvent, not for the
mixture, as the alloy is assumed to be dilute and strongly segregating. Alloys for which these
two assumptions are not satisfied may deviate from the predicted behavior.

Results for the grain size stability as a function of temperature and total solute content requires a
mass balance equation such that the bulk concentration of solute is given by

%
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where X, is the global solute content (bulk and boundary concentrations together) and d is the
grain size. Equation 9 can be substituted into equation 7 to calculate the free energy as a
function of total solute concentration, grain size, and temperature, making it a powerful tool for
predicting the microstructural stability of a nanocrystalline metal.

This resulting equation is particularly useful considering its use of readily available elemental
data. Information such as surface energy, atomic volume, and elastic moduli are tabulated in
literature. The mixing enthalpy is also tabulated for nearly every element pair by Takeuchi and
Inoue (30), using Miedema’s model (31). The simplicity of the analysis makes it quite user-
friendly, but it imposes certain limitations as well. These include application to dilute solutions,
strongly segregating mixtures, and those with negligible solubility throughout the annealing
range. Therefore, this treatment must be judiciously applied. It is of great value to consult phase
diagrams for alloys before deciding on an element pair because the model assumes segregation to
grain boundaries, which will be weak in highly miscible systems. This is commonly accounted
for in the elastic enthalpy term but should not be taken for granted.

3. Preface to the Visual Library: Appendix

A comprehensive library (see the appendix) was developed to display the stabilization
capabilities of 44 solvents, each with 52 possible solutes, for a total of 2288 combinations. Some
elements were limited to use as solutes due to complex crystal structure, incomplete structural or
physical data, or impracticality as a realistic solvent (i.e., Hg). The model has been found to
agree qualitatively with a variety of experimental findings in literature for the following systems:



Fe-Ta (32), Fe-Zr (32), Fe-Ni (32),Fe-Cr (33), Fe-Ti (34), Cu-Nb (35, 36), Cu-Ta (37), Cu-Zr
(38), Ni-W (39, 40), and Pd-Zr (41).

The data presented in the appendix table section is dense, with a variety of informational boxes
present for each atom pair (see figure 1 for explanation of the tables). The solute is indicated in
the large box at the top of the periodic table. The variables of grain size, global solute content,
and temperature are located in the yellow box to the right of the solvent. The values for these
variables are 30 nm, 0.010 solute fraction (1%), and 273 K, respectively. In section 4 there is a
demonstration of the effect of changing these values for Cu alloyed with group IV and group V
elements. When viewing the tables, note that more-intense colors indicate better stabilization
tendencies except for mixing enthalpy. A dark-green bottom left corner is the most important
indicator, as zero grain boundary energy is the hallmark of stability. The criteria for stability are
presented in context in figure 2.

4. Influence of Variables

The intention of this model is to provide a practical approach for calculating the reduction in
grain boundary energy to assess possible solutes for stabilizing nanocrystalline alloys. The
approach presented in this work should provide a qualitative method of selecting grain growth
inhibiting solutes while still being relatively easy to apply. To evaluate the applicability of this
model to a specific problem or system, it may be useful to consider the phenomena it captures
and those it neglects.

This model captures the following:
» boundary energy reduction upon segregation (equation 3)
» chemical enthalpy (equation 4)
+ solvent-solute interaction (equation 5)
+ elastic enthalpy (equation 6)
» changes in configurational entropy (last term in equation 7)
« temperature effects (last term of equation 7)

« reduction in the strength of intergranular bonds compared to the intragranular bonds (first
term of equation 7)

 grain size effects (equation 9)
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Figure 1. Explanation of tabulated data.




The elastic enthalpy should be large
to drive segregation. This is
indicated by a bold yellow color.

The mixing enthalpy should be near zero to prevent strong
phase separation or intermetallic formation. Intermetallics tend
to form when bold blue, and phase separation occurs when
bold red. Ideally, this box should be white.

™09.3
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The normalized grain boundary energy
should be zero for complete stabilization.
This is indicated by a dark green box.

26.1

This is the percentage of solute that is required to reach
the minimum energy whether that energy is zero or not.
This box should be dark orange.

Figure 2. Desirable characteristics for stabilization.




This model does not account for the following:
 the formation of secondary phases
« the retained elastic misfit of segregated solute

« change in the regular solution interaction parameter and elastic misfit due to changes in
composition temperature or strain

+ excess entropy contributions

» multispecie co-segregation effects
 electronic contributions
 relaxation effects

Grain boundary segregation is an extremely complex phenomenon and, as such, the utility of any
model that allows for greater accuracy needs to be weighed against the cost of the complexity of
said model. Furthermore, the precision with which parameters are known, or can be
experimentally determined, is important for the practical application of any model. A model that
is more consistent with the physical nature of segregation cannot be used to make predictions
that are more accurate if there is a lack of precision in the additional parameters required. This
work attempts to strike a reasonable compromise between greater physical accuracy and
increased complexity, but it is not meant to replace the thermodynamically rigorous and more
complex models for interfacial segregation.

To demonstrate the utility of the model (equation 7) with respect to grain size, global solute
content, and temperature, we have applied it to Cu with solutes of group IVB elements (i.e., Ti,
Zr, and Hf) and group VB elements (i.e., V, Nb, and Ta). Consulting the Cu data (table 1)
reveals that these two groups show negative and positive enthalpies of mixing (positive and
negative AHp), respectively. The variables used are detailed in the legends of the comparison
graphs.



Table 1. General data pertaining to the Cu alloy systems discussed. The solubility limit
assumes Cu as the solvent. A zero value indicates negligible solubility with no
equilibrium value listed in the phase diagram. Enthalpies are calculated with Cu
as the solvent.

Group IVB Group VB
Cu Ti Zr Hf V Nb Ta
Atomic No. 29 22 40 72 23 4 73
Atomic mass (g/mol)] 63.546 47.88 91.224 | 178.49 | 50.9415 [ 9290638 | 180.9479

Solubility Limit (at¥%)] 100 5 0.12 0 0 0 0

Enthalpy of Mixing (kJ/mol) 0 -3 -23 A7 5 3 2
Elastic Enthalpy (kJ/mol) 0 0.1 90.8 85.3 8.5 40.2 43.6
Surface Energy (J/mol2)] 1.8075 | 20445 | 1.9545 | 21715 2.586 26775 3.026
Atomic Radius (A)] 157 2 2.16 216 1.92 2.08 2.09
Atomic Volume (cm3/mol)] 71 10.64 14.06 13.41 8.78 10.84 10.9
Bulk Modulus (GPa)| 137.8 105.4 89.8 109 158 170.3 196.3
Shear Modulus (GPa)| 483 45.6 35 56 46.7 375 69.2
Elastic Modulus (GPa)| 129.8 120.2 98 141 1276 104.9 185.7
Crystal Structure fcc hcp hcp hcp bcc bce bce

An example of the comparisons is shown in figure 3. Each curve indicates the normalized grain
boundary energy for a single grain size, global solute concentration, and temperature as a
function of solute segregation (see concentration on the abscissa). For any temperature above

0 K, the curves pass through a minimum determined by the relative magnitudes of AHseq and
ASseq. Discontinuities (denoted by asterisks) are observed where the solute has been totally
exhausted from the bulk. This boundary concentration is the maximum allowed by the global
solute concentration. Any solute concentration above this limit implies that a negative bulk
concentration exists, which is physically impossible.
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Figure 3. Explanation of comparisons. (See text for descriptions of symbols).

If the curves cross the abscissa with a negative slope (labeled as point “A” in figure 3), system
stability is expected at the concentration where it intersects. Any concentration greater than this
initial zero point is not of practical importance, as it predicts a negative interfacial energy that is
not reasonable to expect in such systems. The general trend shown is that as grain size increases
from 10 to 40 nm the normalized boundary energy decreases for a given concentration, and the
solute boundary concentration needed for stabilization decreases with increasing grain size.
When increasing from 20 to 30 nm, the zero boundary condition is satisfied. This is interpreted
to mean that the grain size is unstable below 30 nm (or near that value) and will grow until the
appropriate size is reached because the solute available is a fixed value.

For the negative AHp, solutes, an increase of grain size and global solute concentration shifts the
curves down and to higher grain boundary solute fractions. The same was observed with the
positive AHp,, but the variation is more dramatic. For the temperature effect, the curves for both
negative and positive AHp, systems shifted up and to lower concentrations. Again, the positive
AHp, systems are more sensitive. Therefore, the model indicates that positive AHy, systems are
easier to stabilize at lower temperatures where segregation is more likely, as bonding with the
solvent is not favorable.

By varying the grain size (see figures 4 and 5), it is evident that as the grain size is increased, the
potential to achieve a zero energy boundary condition (stability) is improved. The fourth-row
elements (i.e., Ti and V) do not achieve stability for any size up to 90 nm, whereas the others do
benefit from an increased grain size. After 100 nm, the grain size has a much less pronounced
effect.
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Figure 4. The variation of normalized grain boundary energy as a
function of grain size for (a) Cu-Ti, (b) Cu-Zr, and (c) Cu-
Hf. All variables are listed in the legend.
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Figure 5. The variation of normalized grain boundary energy as a
function of grain size for (a) Cu-V, (b) Cu-Nb, and (c) Cu-Ta.
All variables are listed in the legend.
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When the global solute content is adjusted (see figures 6 and 7), the stability is also improved by
an increase. Cu-V can now achieve a zero boundary energy, but it is also important to note that
it requires ~77% boundary coverage, which is likely to lead to precipitation and/or phase
separation. Increasing the solute content is not always a good practice, as unfavorable factors
such as precipitate formation can be exacerbated by a higher content. It is generally observed,
experimentally, that secondary phases must be kinetically hindered (33) from forming, as they
provide competition for the available solute, causing destabilization of the boundaries and rapid
grain coarsening.

The temperature also has a significant influence on stability, as shown in figures 8 and 9. When
the temperature is raised, stability is quickly lost, even for alloys that achieve it at low
concentrations. A notable change in the variables is that the grain size was increased to

100 nm to help accent the effect of temperature, as smaller sizes quickly went off the chart.

The free energy curves displayed in these comparisons are an example of the type used as the
basis for the periodic table data in the appendix. The periodic table values are calculated using
equation 7 for the fixed temperature, solute concentration, and grain size. The minimum, or zero
point, of the calculated curves is reported in the periodic table for each solvent-solute system,
with the corresponding solute percentage at which they occur. The elastic and mixing enthalpies
are calculated independently and are not dependent on the variables.
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Figure 6. The variation of normalized grain boundary energy as a
function of solute concentration for (a) Cu-Ti, (b) Cu-Zr,
and (c) Cu-Hf. All variables are listed in the legend.
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Figure 7. The variation of normalized grain boundary energy as a
function of solute concentration for (a) Cu-V, (b) Cu-Nb,
and (c) Cu-Ta. All variables are listed in the legend.
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The variables displayed here are instructive when considered individually, but system stability is
dependent on all simultaneously. The free energy of the system must be minimized with respect
to grain size and solute content at any given temperature. Therefore, if plotted three-
dimensionally, the optimum conditions would be located, at the minimum, in a free energy
surface, not simply the minimum for a single curve. In forthcoming work (part 2), the
stabilization behavior of select alloys will be experimentally compared to the predictions
reported here. Though this model has been found to be qualitatively correct with commonly
studied systems available in literature, we plan to extend it to new systems.

5. Conclusions

A predictive free energy model for grain boundary segregation and grain-size stability in
nanocrystalline alloys was used for assessing the stability in 2288 distinct alloys with base
elements of lithium, beryllium, boron, sodium, magnesium, aluminum, potassium, calcium,
scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc,
rubidium, strontium, yttrium, zirconium, niobium, molybdenum, ruthenium, rhodium, palladium,
silver, cadmium, indium, tin, barium, hafnium, tantalum, tungsten, rhenium, osmium, iridium,
platinum, gold, thallium, lead, thorium, and uranium. The model incorporated easily accessible
information, which allowed a more universal application. For each alloy pair, the values for
elastic enthalpy, mixing enthalpy, minimum normalized grain boundary energy, and the
boundary concentration at the free energy minimum were reported. The use of color coding
allowed determination of the best solute(s), which can drastically reduce development time for
stabilizing alloys. The free energy of each system was shown to be dependent on the solvent,
grain size, solute content, and temperature. The model was demonstrated on Cu alloys having
both positive and negative enthalpies of mixing. The current library was developed using readily
available information and can be extended to include all of the elements where the appropriate
data is available for calculation. In forthcoming work (part 2), the stabilization behavior of
select alloys will be experimentally compared to the predictions reported here.
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Appendix. Solvent Stability Tables

Systems based on the following solvents are presented in this section:

Lithium
Beryllium
Boron
Sodium
Magnesium
Aluminum
Potassium

Calcium

© © N o g ~ w NhoRE

Scandium

=
o
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-
-

. Vanadium
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. Chromium
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w

. Manganese
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. lron
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. Nickel
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. Copper
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. Zinc
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. Rubidium
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. Strontium

N
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. Yttrium
22. Zirconium

23. Niobium
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24,
25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,

Molybdenum
Ruthenium
Rhodium
Palladium
Silver
Cadmium
Indium
Tin
Barium
Hafnium
Tantalum
Tungsten
Rhenium
Osmium
Iridium
Platinum
Gold
Thallium
Lead
Thorium

Uranium
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Figure A-1. Lithium.
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Figure A-2. Beryllium.
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Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
001 37 0.00 32 0.00 118

Figure A-3. Boron.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-16 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy N a Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
6.8 4 247 18 259 18 255 -45 -
2 Li Be Elassc Enhalpy (kimeol)] 195 62 |Mixing Enhalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
099 | 35| 066 131 Element Name| Iron temperature 213 K 0.57 133 | 100 | 00
0.0 0 64 10 Min. Normaized Boundary Energy] 0.008  10.0 |Percent Soluiz on Boundary at Minimum 13.1 13 94 -11 26 265
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
100 | 09 100 | 21 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 0.85 12.1 098 02
109 1 22 1 5.2 M | 120 - 157 - 18.2 - 189 49 19.5 20.5 41 207 3z 195 16 147 6 5 -215 -14
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
083 94 100 | 08| 041 138 001 9.8 0.00 97 0.00 9.0 000 100] 001 100 0.07 140 039 138 079 127 0.92 93
175 2 5.1 -2 1.0 28 65 59 117 - 145 - 47 | 17.0 44 16.8 19 156 -15 127 0 78 -3 43 -5 a7 -8 20 -20
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
056 121 100 | 17| 077 134|001 117 | 000 87 0.01 88 037 140 | 098 02 0.59 03 1.00 12 1.00 13 1.00 07 1.00 0.6 1.00 04
216 3 9.6 -3 74 118 - 143 - 16.2 - 16.6 62 164 23 161 -1 129 -14 52 -1 27 -1 20 -18 04 -20
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
035 128]| 096 | 42 000 114 | 001 93 001 o1 ] 001 116] 023 141 0.98 01 1.00 0.0 100 | 03 1.00 03 1.00 03 1.00 0.4 0.99 04
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U Al
LANTHANIDE
01 24 06 25 05 26 26 28 2 0 2 ) 29 2 30 30 2 3
Minimum mixing enthalpy -141 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 97 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 092 130
Maximum elastic enthalpy 25.9 ACTINIDE
1.0 39 88 - 89 48
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
050 138 000 104 0.00 135

Figure A-4. Sodium.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-18 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy - M g Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
02 o 61.8 -3 696 -4 59.2 -55 -
2 Li Be Elassc Enhalpy (kimol)| 365 18 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 | 15| 011 162 Element Name| Iron temperature| 273 K 0.00 14.1 097 | 28
108 10 | 00 0 Min. Normaized Boundary Energy] 0.230  16.5 |Percent Soluie on Boundary at Minimum 10.7 -2 24 -25 2.1 -385
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
066 158| 100 09 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 098 43 099 02
325 20 537 -6 0.6 -3 79 16 204 i 349 24 329 10 36.5 18 411 3 424 -4 359 -3 154 -4 -4 -26.5 -21
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 136 005 162| 1.00 04| 093 15.1 034 16.5 007 168] 037 163] 023 16.6 033 156 0.66 14.2 0.68 14.2 0.94 76
381 s 57.0 -4 161 -6 0.0 6 73 - 16.2 - 3 26.1 0 253 -7 201 -40 97 -10 05 -6 15 -4 31 -9 87 -16
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 119| 000 137| 095 | 62 | 099 02 0.64 166 | 034 168 0.98 54 0.99 24 1.00 13 1.00 19 1.00 08 1.00 12 1.00 14 0.99 27
359 S 641 -4 02 10 71 - 16.7 - 190 D21 | 246 B 239 13 18.6 -36 107 32 03 -10 44 3 92 8 211 -10
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 120 000 113 0.99 01 0.78 164 | 041 168| 085 159] 100 30 1.00 14 0.59 03 100 08 1.00 09 0.99 29 0.98 41 0.86 04
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U Al
LANTHANIDE
254 7 146 T 176 6 6 6 6 -5 6 6 6 6 -5 -5 6 -5
Minimum mixing enthalpy -134 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 38 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 081 114
Maximum elastic enthalpy 69.6 ACTINIDE
175 -3 15 14 16 6
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
0.96 68 1.00 @ 03 099 02

Figure A-5. Magnesium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-8 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy A_l Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
32 -4 T4 o 465 0 344 -36 -
2 Li Be Elassc Enhalpy (kimol)| 127 -11  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
099 | 36| 0356 173 Element Name| Iron temperature 213 K 034 180 | 100 15
222 [ 13| ns -2 Min. Nomaized Boundary Energy] 0.882 1.4 |Percent Soluie on Boundary at Minimum 0.0 0 54 19 | 134 205
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
024 185| 093 101 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 09 1.00 o7
420 - %67 -20 | 226 @ -3B 05 -30 22 -16 115 -10 100 -19 | 127 -1 16.7 -19 179 -22 124 -1 08 1 1 -145 -6
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 128 000 S8 | 098 32| 099 0.2 0.99 02 1.00 14 1.00 17| 100 14 L.00 17 1.00 20 098 55 1.00 15
464 - 07 18| 632 -38 | 185 | -4 1.0 -18 05 -5 20| 50 -2 45 -32 20 -46 01 -4 76 3 24 7 350 4 46.8 2
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 118| 000 104| 062 108| 1.00 16 0.59 02 099 [0 0.99 02 0.99 02 0.59 02 100 | 03 0.93 129 0.50 18.0 038 182 | 0.03 185
414 932 20 1441 -39 12 -19 04 2 14 9 41 -18 a7 -30 13 -44 01 -22 131 4 204 " 459 10 66.1 10
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 124 000 102 1.00 1.0 0.59 01 099 [0l 099 01| 099 01 0.59 01 0.98 01 100 | 04 0.78 16.4 020 18,5 0.00 142 | 0.00 110
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
125 -38 46.6 -38 577 -38 -38 -39 -38 -19 -39 -39 -38 -38 -38 -38 -20 -39
Minimum mixing enthalpy -92 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 26 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 047 125
Maximum elastic enthalpy 96.7 ACTINIDE
733 -40 75 -30 52 -3
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
054 116 100 | 0T Loo 04

Figure A-6. Aluminum.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-18 Decreasing Selute Requirement —>
1 H Decreasing Grain Boundary Energy > He
Hydrogen ixing Enthalpy K Helium
2 A negaiive zero posiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
191 11 | a2 or e 2 | 911 = =
2 Li Be Elasic Enthalpy (klimol)| 22.0 81 |Mixing Enhaipy (kimoi) grain size] nm B C N (8] F Ne
Lithium Berylium Fe Atomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Meon
0357 103| 080 106 Element Name| Iron femperature] 213 K 0.70 107 0.00 '#N#‘-
79 1 186 20 Min. Normaized Boundary Energy| 0.008 8.4 |Percen: Soluiz on Boundary at Minimum 239 23 21.1 4 | 146 -245
3| Na Mg Al Si P S Cl Ar
Sodium Magnesium VIIB Aluminium Silicon Phosporus Sulphur Chirine Argon
097 | 36 | 049 107 3 e 4 VB 5 vB 6 viB 7 viiB 8 9 10 11 B 12 ns 046 108 098 02
0.0 0 43 12 175 58 230 - 256 - 278 X6 66 280 - 286 55 288 45 280 25 249 13 12 -19.5 -1
4 K Ca Se Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Galiium Germanium Arsenic Selenium Bromine Krypion
100 | 09 100 | 09 | 001 91 0.01 73 0.01 79 0.01 75 0.01 77 ] 001 84 021 113 047 111 072 106 0.62 103
11 0 24 [ 122 50 187 - 238 - 247 - 65 264 60 263 H 255 9 235 T 19.8 1 16.6 -4 16.0 o 139 -22
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
Rubidium Strongum Yirium Zirconium Niobium Molybdenum | Technesum Ruthenium Rhodium Paladium Siver Cadmium Indium Tin Angmony Tedurium lodine Xenon
100 | 13 100 06| 000 110 001 80 0.01 10 0.01 13 035 12 0.96 01 0.98 02 097 32 092 39 0.98 29 099 22 1.00 13
45 0 0.9 6 ﬂ- 27 - 246 - 52 - 26.1 0 260 42 252 9 236 -9 17.5 -10 148 -13 13.9 -21 108 -24
6 Cs Ba |La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hanium Tanialum Tungsien Rhenium Osmium Iridium Piainum Gold Mercury Thalium Lead Bismuih Polonium Asiaine Raden
098 | 30| 100 | 03 0.01 8.0 0.01 7.7 0.01 79 ] 001 103) 052 113 1.18 10.6 1.00 0.0 1.00 0.6 0.97 30 0.99 18 1.00 12 1.00 10
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uug Uup Uuh | Uus | Uuo
Francim Radium Aclinide Rutherfordium Dubnium Seaborgium Behrium Hassium h D R i Ununbium Ununirium U i U i u u u
LANTHANIDE
97 45 13 a7 13 49 49 51 50 10 50 52 51 51 53 52 12 55
Minimum mixing enthalpy -152 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 124 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadoiinium Terbium Dysprosium Holmium Erbium Thuiium Yeerbium Lutesium
Minimum elastic enthalpy 0.0 017 112
Maximum elastic enthalpy 31.8 ACTINIDE
124 L) 206 - 2038 72
5| Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Acinium Thorium Protacinium Uranium i Pluionium Americium Curium Berkelium Caliiiornium Eingleini Fermium Mendelevium |  Nobelum | Lawrencium
0.01 9.8 0.00 T4 0.00 o1

Figure A-7. Potassium.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-46 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy C a. Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
334 -1 1008 -14 104.8 -22 1011 -89 -
2 Li Be Elassc Enhalpy (kimol)| 846 25  |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
062 121] 000 123 Element Name| Iron temperature 213 K 0.03 127 | 095 | 30
28 1 AT Min. Normaized Boundary Energy] 0.003 101 |Percent Solute on Boundary at Minimum 626 -20 503 51 182 815
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
099 | 41 069 115 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 033 15 095 38
6.8 12 0.0 o 337 17 | 593 - 123 - 836 38 822 12 846 25 877 2z 88.6 -7 843 -13 677 -22 -28 -59.5 -61
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
080 120| 100 09| 051 127| 000 108 0.00 10.1 0.01 9.1 0.01 85| 000 10.1 0.06 129 017 128 019 126 0.44 11.8
132 15 12 1 143 11 | 394 an 587 - 68.5 - 1 76.8 -4 76.2 -28 720 -63 61.6 -28 427 -32 289 -35 79 -45 197 -62
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
063 126| 100 [ 17| 0982 [111] 023 131 000 102 | 000 1041 0350 123 0.73 21 0.87 52 0.67 28 0.84 69 0.95 41 0.97 32 0.99 17
176 | 19 49 1 431 39 585 - 68.0 - 70 28 | 756 4 76.1 23 707 -65 628 60 3.4 43 220 40 197 -52 98 -56
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
048 128] 093 | 46 018 131 000 110 | 001 109] 021 150] 049 123 0.77 o1 0.96 32 0.87 52 0.935 40 0.93 28 0.99 19 1.00 1.0
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U Al
LANTHANIDE
69 8 107 9 1.0 10 10 11 11 0 11 12 12 11 13 13 0 14
Minimum mixing enthalpy -201 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 63 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 100 | 13
Maximum elastic enthalpy 104.8 ACTINIDE
15.0 19 480 kT 475 24
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
088 120 005 131 031 130

Figure A-8. Calcium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-60 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy S C Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
11 12 | 187 -36 1314 -55 1033 | -118 -
2 Li Be Elassc Enhalpy (kimol)| 728  -11 |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
088 150] 017 136 Element Name| Iron temperature 213 K 021 145 | 092 | 42
o1 [ M| o7 3 Min. Nomaized Boundary Energy] 0.440 157 |Percent Soluie on Boundary at Minimum 24.1 -38 83 T4 10 | -1125
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
038 165| 100 | 24 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 098 38 1.00 04
08 - 51.7 17 0.0 0 196 8 437 7 69.9 1 653 -5 728 -1 813 -30 836 -39 nz -24 324 -29 -38 -69.5 -7
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 132 005 166| 100 08| 086 148 0.60 159 028 163 039 159| 044 157 0.59 1358 0.63 19 0.57 143 0.92 6.9
36.6 - 87 | 25 | 137 1 0.8 4 162 18 370 11 -3% | 553 -44 539 -61 436 -86 230 -28 28 -30 03 -30 13 -45 6.3 -61
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 121 000 144] 092 122] 1.00 04 0.80 15.8 068 159 0.93 56 0.95 43 0.98 27 0.97 43 1.00 12 1.00 1.0 1.00 08 1.00 11
343 - 61.7 |28 25 B 19.0 16 36.3 19 | 4258 17| 831 -39 517 62 418 -89 258 T4 0.0 37 26 28 6.8 -40 189 45
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 11.3| 000 130 1.00 0.4 0.88 154 063 161] 095 63| 094 33 0.97 37 1.00 13 0.99 19 1.00 09 1.00 13 1.00 16 0.93 32
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U Al
LANTHANIDE
242 2 122 2 152 1 2 1 1 2 1 1 1 1 0 0 16 0
Minimum mixing enthalpy -224 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 70 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 076 150
Maximum elastic enthalpy 1314 ACTINIDE
153 0 62 3 59 -1
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
093 105 1.00 12 Loo 08

Figure A-9. Scandium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
54 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> ] He
Hydrogen ixing Enthalpy T 1 Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
22 34 721 -30 913 -58 585 | -109 -
2 Li Be Elassc Enhalpy (kimol)| 289 -17  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
048 185| 067 143 Element Name| Iron temperature 213 K 070 108 | 099 | 23
217 B8N 98 15 Min. Nomaized Boundary Energy] 0.846 7.7 |Percent Solute on Boundary at Minimum 0.7 -30 36 | -86 | 118 | -1005
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosperus Sulphur Chiorine Argon
000 151| 062 181 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 11 1.00 05
409 - 95.9 4 216 8 00 o 15 -2 26.4 o 228 B 289 -17 36.6 -28 38.8 -35 T 9 34 -15 -23 -51.5 -60
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 117 000 108| 070 178] 100 09 1.00 20 091 120] 090 121] 095 77 094 69 094 6.2 0.88 127 0.99 29
453 - 801 Bdy| 648 16 | 176 0 o1 2 6 -4 3% | 144 -43 134 -52 12 -65 02 -2 58 -8 209 -5 383 -H 472 -33
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
001 112 000 108| 001 186| 091 143 1.00 04 100 | 035 1.00 1.0 1.00 09 1.00 07 1.00 | 30 0.98 6.3 0.84 152 084 118] 081 108
407 - 915 ol 129 0 o1 1 3z -6 6.1 -26 | 126 -4 117 67 5.8 T4 04 -47 13 -10 280 2 50.9 -8 66.6 -14
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 112 000 103 097 | 104 1.00 03 100 | 02 1.00 03] 1.00 0.6 1.00 0.6 0.59 02 1.00 | 046 0.935 8.7 0.63 17.7 051 17.7| 039 178
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
128 20 453 18 575 7 17 15 15 43 15 14 14 14 13 12 41 "
Minimum mixing enthalpy -190 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 104 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 000 155
Maximum elastic enthalpy 85.9 ACTINIDE
75 8 57 0 35 2
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluorium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
0.00 18.0 099 46 Loo 29

Figure A-10. Titanium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-39 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy V Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
70 ar 383 -16 527 -42 315 -82 -
2 Li Be Elassc Enhalpy (kimol)| 77 -7 |Mixing Enthaipy (ki) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
033 199 085 132 Element Name| Iron temperature 213 K 0.88 85 100 | 13
285 - 252 23 Min. Nomaized Boundary Energy] 0.885 3.4 |Percent Solute on Boundary at Minimum 27 -18 210 48 | 200 | -705
3| Na Mg Al Si P s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosperus Sulphur Chiorine Argon
000 148] 035 198 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 30 099 31
454 - 1174 44 476 T 72 -2 0.0 0 6.5 -2 5.1 -1 i - 122 -14 135 -18 73 5 03 -2 -8 -315 -3b
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 121 000 104)] 037 196 098 71 1.00 09 099 49 0.98 87 | 059 34 0.99 37 0.99 XS 093 16.5 0.99 6.5
492 - 105.3 BNl 986 17 | 468 -4 104 -1 11 0 -2 0.9 -25 07 -9 0.0 -35 46 17 19.8 9 412 12 67.3 -1 75 -3
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
001 11.7| 000 106| 000 138| 060 188 0.8 13 100 | 07 1.00 04 1.00 03 1.00 07 075 192 0.65 192 032 19.7 020 196 | 018 196
433 - 105.1 S 6 406 -2 114 -1 15 -1 03 13| 04 23 0.3 -34 0.3 -45 5.0 -19 2438 10 481 22 837 16 95.4 10
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
001 1183| 000 103 066 186 0.59 6.3 100 | 04 1.00 F 02 ] 1.00 03 1.00 03 1.00 02 100 27 0.36 194 0.06 199 0.00 154 | 0.00 143
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U Al
LANTHANIDE
100.7 22 657 20 837 18 13 16 17 43 17 15 15 16 14 13 4 "
Minimum mixing enthalpy 143 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 103 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 000 130
Maximum elastic enthalpy 1196 ACTINIDE
119.6 9 259 1 171 4
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
0.00 126 078 181 084 178

Figure A-11. Vanadium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-28 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy C r Helium
1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
139 | 35 269 -7 481 -3 189 -61 -
2 Li Be Elassc Enhalpy (kimeol)| 0.1 -1 |Mixing Enthaipy (ki) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
003 | 212| 086 144 Element Name| Iron temperature 213 K 084 | 100 | 100 @ 06
356 - 517 24 Min. Nomaized Boundary Energy] 1.000 0.8  |Percent Soluie on Boundary at Minimum 215 -10 706 37 | 300 | 495
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 126| 000 163 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 0.39 12.1 0.66 130
497 - 1423 @ 38 %6.7 1 400 -7 "y -2 0.0 0 0.1 2 0.1 -1 17 4 24 -7 01 12 108 5 -1 -185 -19
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
001 105] 001 791 000 132| 067 184 098 71 1.00 09 100 32| 100 0.8 L.00 08 1.00 1.1 091 19.2 0.81 19.0
527 - 1227 | 47 | 1506 11 | 1146 12 589 -7 286 0 9 6.5 -12 T4 -13 139 -15 36 n 46.8 17 733 20 126.0 10 125.6 7
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
001 102| 000 84| 000 83| 000 128 ] 043 200 079 183 1.00 1.0 1.00 14 0.8 46 000 206 0.00 19.0 0.00 13.6 0.00 9.6 0.00 27
456 - 119.2 | &0 123 9 66.7 -7 32 1 2238 -4 1 100 -1 11.4 -18 218 24 413 0 449 Pl o A 1372 28 136.8 24
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 105]| 000 33 000 129 ] 0337 202 074 190 095  102] 100 14 1.00 13 0.59 32 046 203 0.00 18.1 0.00 121 0.00 33 0.00 83
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1383 17 918 15 1197 13 13 10 11 43 11 9 9 10 8 8 ar 5
Minimum mixing enthalpy 107 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 97 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 000 87
Maximum elastic enthalpy 191.0 ACTINIDE
191.0 2 80.5 -3 475 z
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
0.00 10 000 181 036 205

Figure A-12. Chromium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-4 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy M n Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
13.1 19 241 -10 401 -32 184 -66 -
2 Li Be Elassc Enhalpy (kimol)| 03 0 |Mixing Enthalpy (klimol) qrain size| nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
026 207| 092 88 Element Name| Iron temperature| 273 K 0.88 71 100 | 03
34 - 475 10 Min. Nomaized Boundary Energy] 0.888 0.4 |Percent Soluie on Boundary at Minimum 175 -18 593 45 | 288 | 575
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 117 000 160 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 096 52 0.77 a5
493 - 1391 19 875 B 323 8 82 -1 01 2 0.0 0 0.3 0 20 -5 27 B 03 4 85 -6 -13 -315 -3
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
001 93] 001 63| 000 115| 0.78 144 1.00 17 1.00 04 100 08| 100 04 L.00 04 1.00 05 .00 08 097 5.5
524 - 1206 = 27 | 1418 1 997 -15 458 -4 20.1 5 -3 39 1" 45 -16 9.6 -3 253 13 423 2 68.2 3 114.8 -7 174 -1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 90| 000 68| 001 67| 000 110 | 048 19.0 083 178 1.00 03 1.00 03 1.00 15 026 206 0.13 204 0.00 127 0.00 82 0.00 81
454 - 176 @ 29 9.5 -12 50.5 4 231 ] 163 -1 6.1 9 7.0 -18 148 -28 35 11 420 4 726 11 1278 T 129.5 3
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 94| 001 69 000 115 0.41 19.3 080 184 100 @ 26| LOO 04 1.00 03 1.00 09 079 | 132 0.03 203 0.00 11.0 0.00 7.0 0.01 7.0
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1327 3 832 1 1143 0 0 -2 -1 23 -1 -3 3 -2 -4 -4 19 6
Minimum mixing enthalpy 119 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 71 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 001 70
Maximum elastic enthalpy 177.8 ACTINIDE
177.8 -8 68.0 -5 19 -4
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.00 6 000 167 048 19.0

Figure A-13. Manganese.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-3 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy F e Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
143 | 26 200 -4 M43 -26 156 -50 -
2 Li Be Elassc Enhalpy (kimol)| 0.0 0 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
025 212| 090 138 Element Name| Iron temperature 213 K 091 83 100 | 05
36.0 - 516 18 Min. Nomaized Boundary Energy] 1.000 0.8 |Percent Soluie on Boundary at Minimum 214 -1 672 -35 | 304  -395
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 136| 000 181 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 090 16 0.69 131
500 - 1425 25 %46 -11 | 384 -17 "y I 01 -1 0z 0 0.0 0 0.8 -1 1.3 -2 00 13 n2 4 -2 -15.5 -14
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 112 000 84| 000 162( 083 128 0.99 48 1.00 1.0 100 | 31 1.00 09 L.00 08 1.00 1.2 0.88 19.7 0.82 189
53.0 - 1231 | 34 | 1487 -1 | 1003 -25 544 -16 264 -2 -3 6.7 ] 76 -5 136 -4 30.6 2 46.6 17 729 19 1229 11 124.0 10
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 109| 000 90| 000 91| 000 177 0.67 169 085 168 1.00 16 1.00 28 0.85 10.0 000 211 0.00 19.6 0.00 142 000 100 0.00 10.0
457 - 1196 37 1069 -2 599 -15 30.2 0 A1 0 98 4 11.0 9 202 -13 38.6 3 452 P 769 A 13650 | 29 136.0 26
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 113 000 91 000 177 0.60 18.1 080 183 093 141] 100 21 1.00 28 0.98 48 034 209 0.00 182 0.00 123 0.01 3.7 0.00 8.7
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1377 5 919 3 182 1 1 -2 -1 30 -1 -3 3 -2 -5 -5 25 T
Minimum mixing enthalpy -87 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 85 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 001 94
Maximum elastic enthalpy 186.8 ACTINIDE
186.8 -1 %5 -11 46.9 -6
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
001 16 018 206 055 19.7

Figure A-14. Iron.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-3 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy C 0 Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
16.4 8 135 -4 256 -24 1.2 -42 -
2 Li Be Elassc Enhalpy (kimol)| 08 -1 |Mixing Enthaipy (ki) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
061 208| 096 98 Element Name| Iron temperature| 273 K 095 65 100 | 04
78 - 58.2 Min. Nomaized Boundary Energy] 1.000 1.2 |Percent Soluie on Boundary at Minimum 282 -18 800 | -38 | 330 | -355
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 156| 004 213 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 0.39 102 057 146
510 - 1479 2 1056 -30 | 487 -28 18.5 -14 13 -4 17 -5 0.8 -1 0.0 o 0.1 0 07 6 16.1 -5 -1 -215 -18
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 127 000 88| 005 203 081 113 097 6.0 1.00 13 100 = 29| 100 12 L.00 08 1.00 1.1 098 143 0.88 144
53.8 - 1270 10 | 1502 -22 | 1243 | 41 68.6 -25 T -5 0 128 -1 14.0 -2 213 -1 07 19 537 6 804 7 135.2 0 134.0 2
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 123] 000 97| 000 92| 003 19.5 0.60 16.3 073 185 0.98 8.1 096 @ 101 0.83 17.8 002 | 217 0.05 215 0.00 147 0.00 9.7 0.00 0.6
463 - 1228 11 1221 36 765 -24 427 1 3.8 2 174 0 19.0 -3 303 T 50.6 T 503 12 835 18 146.0 17 1434 14
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 129 000 99 000 173 0352 17.7 062 200) 074 197] 095 123 094 118 0.89 13.5 014 213 0.00 20.1 0.00 129 0.00 33 0.01 8.7
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1456 17 978 -18 1269 20 -20 -23 -22 T -22 -3 -23 -22 -24 -24 2 -27
Minimum mixing enthalpy -75 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 58 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Luteium
Minimum elastic enthalpy 0.0 000 99
Maximum elastic enthalpy 200.5 ACTINIDE
2005 -30 %00 -3 55.0 -19
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobeium | Lawrencium
0.00 135 020 202 0.65 16.7

Figure A-15. Cobalt.




8¢

1 1A Increasing Elastic Enthalpy --» Solvent 18 VIIA
-23 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> L3 He
Hydrogen ixing Enthalpy N ]. Helium
2 1A negaive zero posiive 13 na 14 IVA 15 VA 16  VIA 17 VIIA
169 1 114 -4 220 -24 99 -39 -
2 Li Be Elassc Enthalpy (kiimor)| 12 -2 |Mixing Enhalpy (k./imol) grain size| 30 nm B C N O F Ne
Lithium Berylium Fe Atomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
074 194] 097 | 76 Element Name| Iren temperare| 273 K 0.97 54 100 | 03
g2 32| 585 4 Min. Normalized Boundary Energy[ 1.000 1.1 |Percent Soiute on Boundary at Minimum 29.5 -22 816 | 40 | 336 | -45
il Na Mg Al Si P s Cl Ar
Sodium Magnesium VIIB Aluminium Siicon Phosporus Sulphur Chiorine Argon
000 163 014 213 3 me 4 IVB 5 VB 6 viB 7 viiB 8 9 10 11 B 12 [1:3 089 93 056 142
51.3 - 1490 -7 | 1071 [ -39 | 503 -35 199 -18 19 i 23 8 12 -2 01 o 0.0 o 11 4 7.2 9 -15 -23.5 -19
4 K Ca Se Ti A% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Titanium ‘Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Galium Germanium Arsenic Selenium Bromine Krypion
000 130| 000 46| 016 186] 083 96 097 52 1.00 1.1 100 | 24 | 100 11 .00 0.8 1.00 09 099 5.0 091 113
541 - 1279 -1 | 1608 = -31 | 125.9 |40 702 -30 393 -7 1 142 0 154 -1 27 0 4.2 15 55.0 2 81.8 2 136.8 -4 135.6 -1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronsum Yerium Zirconium Nigbium Molybdenum | Technefum Ruthenium Rhadium Palladium Siver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 126] 001 96| 000 20 011 178 0.63 14.6 073 178 097 | 105 0.95 122 0.79 187 | 004 217 007 215 0.00 146 0.00 93 0.00 92
455 1238 0 1237 | 42 o -29 443 3 334 2 189 1 205 -2 319 -6 523 T 514 8 848 13 1478 13 1448 10
| Cs Ba |La-Lu Hf Ta w Re Os Ir Pt Au Hg T1 Pb Bi Po At Rn
Caesium Barium Larnthanide Hafnium Tantaium Tungsien Rhenium Osmium Iridium Plainum Gokd Mercury Thalium Lead Bismuin Palonium Astaine Radon
000 132] 000 99 0.03 192 | 035 16.0 062 199 ) 070 199| 093 149 | 092 13.7 0.84 158 | 006 216 0.00 203 0.00 127 0.00 8.1 0.00 33
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uugq Uup Uuh | Uus | Uuo
Francium Radium Achinide Rutherfordium Dhubnium Seaborgium Bohrium Hassium M il D g R i Ununbium Ununirium u i U Al U i L l u g
LANTHANIDE
1469 27 9.0 -28 1282 30 -30 -32 -31 -3 -31 -3z -32 -3 -34 -34 T -36
Minimum mixing enthalpy -69 La Ce Pr Nd Pm Sm Eu Gd Thb Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 48 ) Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thuiium Yeerbium Lutesum
Minimum elastic enthalpy 0.0 000 98
Maximum elastic enthalpy 202.1 ACTINIDE
2021 -39 916 | -29 56.5 -25
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Acinium Thorium Protacinium Uranium piLni Pluionium Ameticium Curium Berkelium Caiifornium Einsieini Fermium Mendelevium | Nobeium | Lawrencium
001 72 026 191 0.70 142

Figure A-16. Nickel.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-5 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy C u Hefium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
138 -5 142 o 231 0 127 -3 -
2 Li Be Elassc Enhalpy (kimol)| 0.0 13 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
089 123| 094 117 Element Name| Iron temperature 213 K 079 175 | 100 | 03
356 (6] 49 -3 Min. Nomaized Boundary Energy] 0.877  18.6 |Percent Soluie on Boundary at Minimum 174 -1 541 19 | 288 175
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosperus Sulphur Chiorine Argon
000 182] 024 203 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 0.83 16.4 059 157
498 - 1391 13| 832 -2 | 3041 9 85 5 01 12 0z 4 0.0 13 0.5 [ 0.9 4 00 o 9.1 1 1 -11.5 -3
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 132] 001 77 ] 010 192| 083 134 0.99 9.6 099 181 1.00 16 | 098 186 L.00 05 1.00 06 L.o0 08 0.92 142
529 - 1292 9 | 1374 -2 | %08 -23 402 3 182 - 8 45 7 51 -2 97 -14 240 2 4148 6 67.0 10 108.6 T 1136 7
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 126| 000 86| 000 83| 000 136 | 043 203 047 208 1.00 07 1.00 1.0 1.00 24 064 194 0.09 209 0.00 131 0.00 39 0.00 83
457 183 9 853 =i 438 2 205 - 141 18 6.5 10 7.3 0 13.8 -12 283 9 423 8 720 15 1229 15 12713 15
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 134 000 38 000 180 | 042 202 | 032 210] 067 205 1.00 08 1.00 11 1.00 16 081 138 0.00 206 0.00 11.7 0.00 1.7 0.01 13
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1309 - 830 -2 nzy -2z -22 -23 -22 -10 -22 -3 -22 -22 -23 -3 -12 -24
Minimum mixing enthalpy -84 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 28 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 001 86
Maximum elastic enthalpy 169.1 ACTINIDE
169.1 -24 61.8 -f 406 9
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
001 68 016 203 0.65 171

Figure A-17. Copper.




ov

1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-3 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy Z n Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
56 -7 420 4 558 4 352 -32 -
2 Li Be Elassc Enhalpy (kimeol)] 107 4 |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
099 | 34| 019 186 Element Name| Iron temperature| 273 K 0.00 142 100 | 18
268 | 6 | 204 -4 Min. Nomaized Boundary Energy] 0.888 1.8 |Percent Soluie on Boundary at Minimum 11 1 147 18 | 178 175
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
022 187| 080 133 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 09 099 23
443 - 1114 221 381 -29 39 -15 04 -2 92 5 76 -6 107 4 15.5 -5 169 9 10.2 1 0.0 o 0 -15.5 -6
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 120] 001 69| 082 77| 100 0.4 0.99 02 1.00 15 1.00 17| 100 18 0.99 26 0.99 28 099 38 1.00 09
483 - 1009 -21| 879 -3 | 368 -2 59 -1 0.1 - 4 25 ] 21 -7 0.3 -33 22 -4 153 1 349 3 56.8 1 68.0 -1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 111 000 76| 000 116] 089 6.1 1.00 04 099 [0 0.99 01 0.99 02 0.59 02 1.00 | 09 0.80 151 0.16 186 000 122] 0.00 102
427 1016 -23 08 M 6.6 3 02 - 0.0 8 17 1 13 -13 0.0 -29 22 -16 208 1 421 6 732 5 867 4
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 120 000 74 0.93 32 1.00 03 099 [0l 098 | 01 ] 099 01 0.59 01 0.98 01 100 | 03 0.63 17.0 0.00 15.1 0.00 39 0.01 16
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
524 -31 59.8 -3 759 -31 -31 -32 -31 -2 -31 -31 -3 -30 -3 -30 -21 -31
Minimum mixing enthalpy -88 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 15 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 000 101
Maximum elastic enthalpy 1114 ACTINIDE
1067 -30 187  -15 125 -12
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
001 83 098 37 Loo 12

Figure A-18. Zinc.




114

1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-18 Decreasing Selute Requirement —>
1 H Decreasing Grain Boundary Energy > He
Hydrogen ixing Enthalpy R b Helium
2 A negaiive zero posiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
193 13 | 80 28 25 25 | w4 =
2 Li Be Elasic Enthalpy (klimol)| 252 83 |Mixing Enhaipy (klimoi) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Atomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Meon
058 96| 097 | 01 Element Name Iron temperaiure] 213 K 0.98 02 100 | 00
104 2 189 2 Min. Normaized Boundary Energy| 0.011 8.2 |Percent Soluiz on Boundary at Minimum 227 25 20.7 -4 | 158 245
3| Na Mg Al Si P S Cl Ar
Sodium Magnesium VIIB Aluminium Silicon Phosporus Sulphur Chirine Argon
094 51 051 100 3 e 4 VB 5 vB 6 viB 7 viiB 8 9 10 11 B 12 ns 0.62 100 096 01
09 0 70 15 18.0 B4 221 - 240 - 256 %5 69 258 262 57 263 47 258 v 235 14 13 -19.5 -12
4 K Ca Se Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Galiium Germanium Arsenic Selenium Bromine Krypion
100 | 10 098 78 | 0.00 a7 | 001 74 0.00 84 0.01 8.0 000 80| 001 92 067 104 0.88 102 099 03 0.77 92
0.0 0 50 10 139 56 189 - 219 - 234 - 67 246 62 245 3 239 9 225 T 19.8 1 173 -4 16.8 o 152 -24
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
Rubidium Strongum Yirium Zirconium Niobium Molybdenum | Technesum Ruthenium Rhodium Paladium Siver Cadmium Indium Tin Angmony Tedurium lodine Xenon
100 | 09 1.00 10| 000 100 ] 001 19 0.00 71 0.00 17 104 103 100 0.0 0.95 01 1.00 10 096 42 0.99 23 099 18 L.00 12
12 0 31 9 ﬂ- 219 - 233 - 3T - 244 Tz 243 44 T 9 226 -10 18.0 -1 159 -14 15.2 -23 127 -26
6 Cs Ba |La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hanium Tanialum Tungsien Rhenium Osmium Iridium Piainum Gold Mercury Thalium Lead Bismuih Polonium Asiaine Raden
100 | 13 100 | 09 0.00 8.1 0.02 30 0.02 84 ] 036 106] 107 104 1.00 0.0 1.00 0.0 0.99 03 0.98 24 0.99 16 1.00 1.1 1.00 10
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uug Uup Uuh | Uus | Uuo
Francim Radium Aclinide Rutherfordium Dubnium Seaborgium Behrium Hassium h i D il R i Ununbium Ununirium U i U i u u u
LANTHANIDE
18 52 13.1 53 13.1 55 55 57 56 13 6 58 58 &7 59 59 16 61
Minimum mixing enthalpy -154 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 130 | Lananum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadoiinium Terbium Dysprosium Holmium Erbium Thuiium Yeerbium Lutesium
Minimum elastic enthalpy 0.0 008 105
Maximum elastic enthalpy 28.5 ACTINIDE
140 Tz 203 - 204 I
5| Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Acinium Thorium Protacinium Uranium i Pluionium Americium Curium Berkelium Caliiiornium Eingleini Fermium Mendelevium |  Nobelum | Lawrencium
0.01 92 0.00 T4 0.00 93

Figure A-19. Rubidium.




4%

1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-45 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy S r Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
394 o 72 -10 100.4 -18 79 -87 -
2 Li Be Elassc Enhalpy (kimol)| 836 34 |Mixing Enchalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
048 119| 000 116 Element Name| Iron temperature 213 K 0.03 122 | 098 | 23
53 -2 | 425 4 Min. Nomaized Boundary Energy] 0.001 8.1 |Percent Soluie on Boundary at Minimum 65.0 -18 541 49 | 243 w15
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
098 | 46 | 056 116 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 046 14 093 40
37 T 12 1 392 25 | 620 - 731 - 827 47 816 27 836 34 86.2 10 869 -1 834 9 694 -21 27 -59.5 -61
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
093 | 96 100 08| 027 125] 0.00 o4 0.00 9.0 0.01 a3 0.01 85| 000 9.1 0.00 16 011 123 014 122 037 115
92 10 0.0 0 204 17 | 444 48 614 - 69.8 - 10 | 769 5 764 -2 728 -61 64.0 27 476 -33 3438 -a7 138 -46 259 -66
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
079 114] 100 09| 075 118) 000 120 | 000 39 000 89 030 122 | 0.70 23 0.86 5.1 062 99 0.80 13 0.92 47 0.95 37 0.99 21
142 14 12 0 477 50 612 - 69.4 - 719 B30 769 13 76.4 -16 T1F -60 650 B9 373 45 282 44 269 -b6 15.6 -1
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
062 120] 100 @ 14 001 116 | 000 93 001 95 ] 005 126] 032 123 0.73 o8 0.97 31 0.86 52 0.92 43 0.96 33 0.98 24 1.00 13
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U il
LANTHANIDE
123 14 16.5 15 169 16 16 18 17 0 17 18 18 18 20 2 1 21
Minimum mixing enthalpy -206 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 76 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 092 109
Maximum elastic enthalpy 1004 ACTINIDE
12 27 521 48 51.7 B
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
067 122 000 107 0.09 126

Figure A-20. Strontium.



1%

1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-61 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy Y Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
130 8 1758 -32 1917 -50 1619  -117 -
2 Li Be Elassc Enhalpy (kimol)| 1305 -1 |Mixing Enhalpy (kiimol) qrain size| nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
082 139| 000 88 Element Name| Iron temperature| 273 K 0.00 85 069 76
17 (28| 178 -5 Min. Normaized Boundary Energy] 8.000  11.0 |Percent Soluie on Boundary at Minimum 58.2 -38 430 37 20 | -1135
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
068 148| 092 101 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 072 109 094 57
24 - 214 11 14.1 1 626 15 96.3 7 127.2 ali] 217 A 130.5 -1 1399 -22 1423 -3 12856 -22 196 -31 -40 -i25 -80
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
011 152| 067 145| 085 10.0] 030 150 0.00 135 000 104] 000 10| 000 1no 0.00 121 0.00 128 000 127 032 136
281 - 281 17 0.0 0 229 9 63.1 30 884 24 -2 | 1109 -34 | 1002 B4 %64 -34 67.6 -9 265 -35 84 -36 74 -51 14 -68
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 143 050 149| 100 09| 086 137 | 018 15.1 000 144 043 139 | 060 112 0.80 71 066 125 0.96 50 1.00 18 1.00 12 1.00 0.6
289 - 368 | 20 27 11 631 7 87.7 24 96.6 4 11085 -28 | 1069 B3 G544 34 728 T4 10 43 29 -36 13 -48 09 -54
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 135 034 150 0.78 142 | 026 15.1 004 151 033 148] 044 141 0.63 10.7 0.88 3.6 0.87 62 1.00 21 1.00 12 1.00 08 1.00 03
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
28 0 0.2 0 03 0 0 0 0 14 0 0 0 0 0 0 10 0
Minimum mixing enthalpy -232 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 62 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 100 | 22
Maximum elastic enthalpy 191.7 ACTINIDE
0.0 1 386 b 353 4
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
1.00 04 064 146 0.78 140

Figure A-21. Yttrium.




4%

1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-69 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy Z I' Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
03 27 | a4 43 137.2 -1 1021 | -131 -
2 Li Be Elassc Enhalpy (kimol)| 706  -25  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
071 167] 042 136 Element Name| Iron temperature 213 K 049 133 | 084 | 41
114 88 00 6 Min. Nomaized Boundary Energy] 0.715  14.2 |Percent Soluie on Boundary at Minimum 19.0 -44 45 | B 23 N5
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
018 171 095 137 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 34 1.00 04
329 - 60.9 ar 0.8 4 146 o 39.1 -4 67.3 -12 821 -15 | 706 -25 80.1 -41 826 -49 68.7 -23 2 -29 -40 -i25 -85
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 135| 000  160| 099 86 | 096 11.1 0.82 150 061 160] 063 158| 072 142 0.76 nr 0.78 106 0.67 150 0.94 70
385 - 620 48| 216 9 0.0 0 142 4 321 -6 -53 | 517 50 5001 -T2 389 Ul 179 -20 09 -26 19 -25 44 -43 11.8 -60
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 127| 000 145] 074 163| 1.00 0.9 0.98 11.0 092 [ 117 0.96 46 0.97 39 0.09 26 0.97 6.0 1.00 20 1.00 23 1.00 18 0.99 22
36.1 - 8.1 52 05 0 140 3 33 9 379 36| 493 -66 479 -6 70 | 100 | 206 P14 03 -H 56 -19 127 -3 270 40
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 125 000 133 1.00 0.7 0.59 31 0.97 78] 098 39| 097 42 0.98 32 1.00 14 100 03 1.00 18 0.99 42 0.98 40 0.93 6.0
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
329 13 77 12 222 10 10 9 9 42 9 8 8 9 T T 36 6
Minimum mixing enthalpy -233 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 101 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 057 167
Maximum elastic enthalpy 137.2 ACTINIDE
247 4 29 3 29 3
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.80 158 1.00 16 Loo 14

Figure A-22. Zirconium.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-46 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy Nb Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
18 51 650 -25 806 -54 55.1 -102 -
2 Li Be Elassc Enhalpy (kimol)| 270 -16  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
036 186]| 073 153 Element Name| Iron temperature 213 K 079 | 107 | 099 | 25
208 0 32 Min. Nomaized Boundary Energy] 0.846 8.2 |Percent Soluie on Boundary at Minimum 1.0 -18 23 -5 | 108 @ -895
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 152]| 055 183 3 e 4 VB 5 VB VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 28 1.00 08
403 - 91.9 63 180 18 01 z 18 -1 249 T 219 -4 210 -16 338 -25 356 -30 26.1 3 38 -1 -8 -36.5 -44
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 123| 000 124 065 182 100 35 0.99 5.8 091 131 087 154| 095 89 094 i9 094 74 0.78 174 0.96 119
443 - 864 BNFGN 533 30 | 139 4 0.0 0 40 -6 -36 | 140 -4 131 -46 15 -53 05 16 45 11 18.0 15 301 -1 419 1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 11.8| 000 120| 009 186| 089 163 1.00 09 100 | 11 1.00 13 1.00 15 1.00 12 085 177 0.83 175 0.65 182 0.72 17.5 0.70 17.0
404 - 802 97 4 0.0 0 6 2 G4 26 | 123 39 11.5 53 6.1 -67 07 32 97 11 260 26 450 17 61.2 12
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 113| 001 117 094 150 1.00 03 100 | 03 1.00 F 03] 1.00 1.0 1.00 09 1.00 03 1.00 14 0.77 178 044 18,5 035 185 | 024 183
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
675 E 420 34 528 32 32 29 30 69 30 28 il 28 26 25 61 23
Minimum mixing enthalpy -174 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 135 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 000 171
Maximum elastic enthalpy 1.9 ACTINIDE
68.8 20 40 4 25 9
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
013 186 097 130 095 16.0

Figure A-23. Niobium.




1%

1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-28 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy M O Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
55 48 857 -7 1427 -34 59.8 -67 -
2 Li Be Elassc Enhalpy (kimol)| 27 2 -2 |Mixing Enthaipy (kJimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
0290 195 020 193 Element Name| Iron temperature 213 K 006 191 096 & 47
267 - 232 3 Min. Nomaized Boundary Energy] 0.844  17.0 |Percent Solute on Boundary at Minimum 08 5 204 35 | 180 | 535
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 148) 022 193 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 6.4 098 46
441 - 1157 | 56 486 " 48 -4 1.8 0 235 0 18.1 5 272 -2 394 -5 428 -7 248 19 0.1 12 7 -135 -16
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 123 000 114 039 193] 099 58 1.00 25 085 172 080 182| 0384 170 0.77 176 0.75 176 0.57 19.2 0.86 183
481 - 103.0 GO 1014 24 | 508 -6 85 -6 0.0 0 -11 23 -14 TA -15 15 -15 24 kT 177 28 398 33 70.8 20 792 17
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 119 000 115]| 000 147| 063 185 0.59 47 100 | 09 1.00 21 1.00 23 1.00 19 053 194 0.46 104 0.15 19.5 0.00 19.5 | 0.00 182
425 - 1027 |13 448 -4 99 -5 0.0 0 07 T g4 -14 54 -4 0.6 -28 27 3 25 32 465 46 86.6 42 95.9 38
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 120 000 113 0.68 183 0.59 46 100 | 03 1.00 04 ] 1.00 11 1.00 11 1.00 03 096 143 034 19.5 0.00 179 0.00 142 | 0.00 13.7
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
100.8 3 639 29 833 26 26 23 24 63 24 22 22 22 20 19 55 7
Minimum mixing enthalpy 115 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 128 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 000 141
Maximum elastic enthalpy 142.7 ACTINIDE
127 .6 13 262 2 15.0 8
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.00 135 078 181 082 182

Figure A-24. Molybdenum.




Ly

Solvent

18 VIIIA

1 1A Increasing Elastic Enthalpy >
-20 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy R u Helium
1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
97 5 639 -3 108.3 -24 38.0 -35 -
2 Li Be Elassc Enhalpy (kimeol)| 8.1 -5 |Mixing Enthaipy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
081 188] 042 199 Element Name| Iron temperature 213 K 022 197 | 098 | 47
36 - /6 0 Min. Nomaized Boundary Energy] 0.987 6.0 |Percent Soluie on Boundary at Minimum 95 -21 481 | 38 | 244 | 305
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 194] 057 196 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 098 49 0.88 o4
472 - 131.0 -4 764 44| 219 -43 1.7 -25 6.1 -12 39 11 8.1 -5 159 -1 184 0 72 T 29 -5 -1 -185 -14
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 153 000 134)] 071 133 098 38 1.00 09 1.00 32 099 | 43| 099 6.0 093 14.8 0.89 16.8 089 183 0.98 82
50.6 - 1141 5 | 1308 | -3 | 887 - M6 -1 99 -14 0 0.0 0 0.0 1 24 6 156 iz 332 9 58.6 10 103.6 4 106.5 9
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 148| 000 142] 005 198 0.74 113 0.96 55 100 | 30 1.00 09 1.00 14 0.96 162 052 201 0.50 200 0.19 203 0.00 158 | 0.00 147
442 - 120 6 8495 Bh2 354 -39 124 10 58 -1 0.3 0 0.6 il 5.5 -1 206 16 4.6 18 63.6 24 167 | 26 193 23
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 152 000 143 074 119 0.95 6.3 099 | 34 1.00 | 16| 1.00 0.6 1.00 1.0 1.00 18 060 199 034 202 0.00 184 000 124 000 123
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1227 28 797 -30 1044 32 -3z -36 -34 2 -34 -35 -36 -34 a7 -37 -4 -40
Minimum mixing enthalpy 571 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 64 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 004 199
Maximum elastic enthalpy 166.7 ACTINIDE
166.7 | 45 568 | 36 322 -30
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.00 144 083 114 094 7

Figure A-25. Ruthenium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-3 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy R h Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
93 -14 620 -6 101.8 -25 382 -35 -63
2 Li Be Elassc Enhalpy (kimol)| 86 -5 |Mixing Enthaipy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
096 | 73| 045 195 Element Name| Iron temperature| 273 K 024 194 | 098 | 43
N2 (e o 7 Min. Nomaized Boundary Energy] 0.880 4.8 |Percent Soluie on Boundary at Minimum 8.3 -32 442 | 46 | 238 @ -345
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
028 202 079 148 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 28 092 69
469 - 1295 -28 | 73.0 BEGIN| 19.5 -52 1.2 -29 6.5 -13 44 -16 86 -5 16.1 -2 185 -1 77 -2 23 -17 -25 -295 -24
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 179| 000 150| 081 92| 099 26 1.00 0.6 1.00 25 100 = 28] 0959 49 094 127 091 154 097 92 0.99 a1
504 - 1132 22 | 1273 | 64| 834 - 0.4 -6 79 -15 0 0.0 1 0.0 0 1.7 2 137 10 5 -6 56.6 -3 G54 13 | 1033 -3
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 170 000 172| 029 17.1| 081 36 0.98 40 100 | 17 1.00 0.6 1.00 09 0.59 49 073 193 0.72 18.1 044 19.5 0.00 187 | 0.00 16.1
440 - mez -2 785 63 45 -45 929 9 43 1 0.1 2 0.3 1 41 -2 177 T 334 2 61.8 B 131 6 6.7 3
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 177 000 173 0.81 o1 0.97 44 100 | 18 1.00 07| 1.00 04 1.00 0.6 1.00 08 075 191 0.36 19.5 0.15 201 000 130 0.00 128
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1204 | B0 782 -52 1022 | -63 -53 -56 -54 -24 -54 -56 -55 -54 -57 -56 -28 -59
Minimum mixing enthalpy -72 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 34 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 031 173
Maximum elastic enthalpy 161.7 ACTINIDE
161.7 =63 525 | 46 30.2 -42
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
004 181 0.88 82 096 50

Figure A-26. Rhodium.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-7 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy P d Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
67 -40 75 -8 510 -24 313 -32 -62
2 Li Be Elassc Enhalpy (kimol)| 79 -4 |Mixing Enthaipy (kJimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 [21] 077 161 Element Name| Iron temperature 213 K 0.78 124 | 099 | 24
282 15| 241 -40 Min. Nomaized Boundary Energy] 0.887 2.5  |Percent Solute on Boundary at Minimum 23 -46 193 | 55 | 195  -385
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
082 130| 096 48 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 09 099 21
452 9 1159 | 63 | 453 =86 54 -65 0.0 -3b 6.6 -15 53 -3 79 4 122 -1 135 0 75 -14 0z -3 -42 -435 -36
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
030 184| 036 140| 05 38| 1.00 0.6 1.00 03 1.00 13 1.00 16 | 1.00 25 098 6.6 097 100 .00 24 1.00 10
400 -9 | 1043 |61 | 956 NEEEN 440 - 6.2 -53 08 -15 4 1.1 - 0.8 2 0.0 0 40 -7 187 -26 396 -H 64.3 -H 749 -28
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
044 187| 046 131 072  B6 | 097 32 1.00 0.6 100 | 03 1.00 04 1.00 03 1.00 09 09% | 35 0.96 36 0.85 9.3 0.65 136 | 043 171
432 9 | 1043 | 62 378 il 101 -52 12 -6 01 0.2 2 43 0 239 -18 466 =i 80.8 -18 93.1 =i
6] Cs Ba (La-Lu Hf Ta w Re Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
052 183 | 047 130 0.98 29 1.00 0.6 100 | 02 1.00 F 02 ] 1.00 02 1.00 03 1.00 02 0.99 3.4 0.90 2.6 0.70 147 0.16 190 | 0.02 192
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
985 -82 842 -83 817 -83 -83 -86 -84 -61 -84 -85 -84 83 -85 -85 -62 -
Minimum mixing enthalpy -1 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy & > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 069 91
Maximum elastic enthalpy 115.9 ACTINIDE
1155 - 239 | -98 159 -58
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.63 93 099 | 25 Loo 13

Figure A-27. Palladium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-10 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy - Ag Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
28 -16 | 463 6 576 5 412 -32 -
2 Li Be Elassc Enhalpy (kimeol)| 17.0 28 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 | 18| 025 183 Element Name| Iron temperature| 273 K 0.02 185 | 0% | 29
25 0| 106 -10 Min. Nomaized Boundary Energy] 0352  18.5 |Percent Soluiz on Boundary at Minimum 0.1 -4 45 20 | 1286 185
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
064 169 097 i1 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 09 1.00 06
415 T 97 -28| 215 -28 0z -2 36 17 154 27 135 13 17.0 28 219 19 233 15 16.4 2 15 -4 -5 -175 -8
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
003 185 000 124)] 087 41 .00 0.3 0935 171 040 186] 070 178] 035 186 0.50 183 036 18.1 091 134 1.00 15
459 T 806 -27 | 626 -20 | 175 -20 0.5 16 13 - 24 74 23 6.8 10 33 -T 0.0 0 67 -2 213 -2 341 -3 459 4
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 166 000 139| 055 132] 099 29 1.00 02 0353 186 079 181 1.00 07 1.00 03 1.00 | 09 0.97 6.5 0.76 155 0.53 172 029 17.9
411 3 922 28 134 13 0.6 15 10 - 26 - 6.3 28 L 16 24 -1 00 -6 122 -1 283 3 431 3 65.3 2
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
001 185| 000 132 1.00 20 0.59 02 045 187 038 186 074 183 0.59 16.6 0.59 01 100 | 03 0.89 128 049 17.7 0.04 184 | 0.00 133
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
76 -30 455 -30 56.8 -30 29 -30 -30 -27 -29 -29 29 -29 29 -29 -28 -30
Minimum mixing enthalpy -94 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 43 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 041 147
Maximum elastic enthalpy 95.7 ACTINIDE
731 -29 65 0 44 -6
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
042 147 1.00 13 Loo 07

Figure A-28. Silver.




TG

1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
5 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy C d Hefium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
00 -13 574 11 657 13 545 =27 -
2 Li Be Elassc Enhalpy (kimol)| 314 17 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 | 08| 000 126 Element Name| Iron temperature| 273 K 0.00 105 | 094 | 486
134 -3 05 -6 Min. Nomaized Boundary Energy] 0.304  16.2 |Percent Soluie on Boundary at Minimum 7.0 3 0.7 -13 38 -11.5
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
087 108| 100 08 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 33 099 02
M7 1 628 -32 25 -30 | 486 -8 157 9 299 7 2i9 2 3.4 7 36.2 6 375 2 09 6 12 1 1 -145 -4
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
021 165| 040 123| 100 | 04| 1.00 0.3 0.99 1ns 032 169] 067 152] 030 16.9 054 16.1 0.39 156 0352 1641 0.95 a5
401 1 644 33| 7 -3 | 08 -26 41 " 1.8 - 10| 212 9 204 -6 154 -26 6.1 -2 0.0 0 39 0 6.9 0 143 -2
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
005 167| 037 124| 097 | 33 | 099 01 0.59 02 063 169 0.95 13.5 1.00 21 1.00 11 1.00 14 1.00 09 0.99 27 0.98 52 0.88 107
372 1 oy 36 01 =19 3.9 9 13 - 144 - 197 14 19.0 0 141 -18 69 11 15 0 8.0 2 16.2 2 291 1
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
013 166 020 127 0.99 01 0.59 01 060 17.0] 080 166| 094 151 1.00 12 0.59 02 100 08 1.00 18 0.94 o7 0.80 140 | 044 16.0
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
M3 -36 203 -36 248 -36 -36 -36 -36 -32 -36 -34 -34 -3 -3 -3 -31 -33
Minimum mixing enthalpy -1 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 33 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 090 | 54
Maximum elastic enthalpy 70.7 ACTINIDE
262 -32 0z B 0.3 -16
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
097 34 099 02 099 01

Figure A-29. Cadmium.




¢S

1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-6 Decreasing Selute Requirement —>
1 H Decreasing Grain Boundary Energy > He
Hydrogen ixing Enthalpy I n Helium
2 A negaiive zero posiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
0812 17 [ 16 152 | 18 | 185 a1 "o |
2 Li Be Elasic Enthalpy (klimol)] 115 18 |Mixing Enhaipy (kl/mol) grain size] nm B C N (8] F Ne
Lithium Berylium Fe Atomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Meon
100 | 00| 077 152 Element Name Iron temperaiure] 213 K 0.66 155 100 | 0.0
46 5 04 4 Min. Normaized Boundary Energy| 0.808  14.8 |Percen: Soluiz on Boundary at Minimum 9 7 20 -10 | 02 105
3| Na Mg Al Si P S Cl Ar
Sodium Magnesium VIIB Aluminium Silicon Phosporus Sulphur Chirine Argon
098 | 37 100 | 07 3 e 4 VB 5 vB 6 viB 7 viiB 8 9 10 11 B 12 ns .00 17 099 02
247 -4 202 -3 0.1 -30 39 -5 T4 12 111 20 107 3 115 19 126 7 129 2 114 10 64 3 3 -135 -3
4 K Ca Se Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Galiium Germanium Arsenic Selenium Bromine Krypion
065 138| 097 34 | 099 02 | 099 02 099 02 087 151 100 | 24| 091 149 L.oo 05 1.00 0.6 098 122 099 31
314 -4 268 37 23 -36 04 -25 37 15 6.2 - 11 87 10 85 -8 73 =31 45 -2 11 0 00 0 0.0 0 09 4
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
Rubidium Strongum Yirium Zirconium Niobium Molybdenum | Technesum Ruthenium Rhodium Paladium Siver Cadmium Indium Tin Angmony Tedurium lodine Xenon
048 147| 093 46 L.00 03 0.99 01 099 01 079 158 099 01 0.99 02 099 02 1.00 08 1.00 10 L.00 08 1.00 09 L.00 12
319 -4 b2 42 0.3 -18 36 13 6.0 - 69 - 83 16 3.1 0 6.8 -2 a7 | 0.1 -1 03 0 09 1 41 -1
6 Cs Ba |La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hanium Tanialum Tungsien Rhenium Osmium Iridium Piainum Gold Mercury Thalium Lead Bismuih Polonium Asiaine Raden
047 148 038 35 0.99 01 0.98 0.1 077 139] 098 | 01| 099 0.1 0.50 0.1 1.00 0.0 1.00 04 1.00 11 1.00 12 1.00 13 0.59 34
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uug Uup Uuh | Uus | Uuo
Francim Radium Aclinide Rutherfordium Dubnium Seaborgium Behrium Hassium h D R i Ununbium Ununirium U i U i u u u
LANTHANIDE
59 -39 30 -38 33 -37 =37 =37 -36 -35 -36 -3b -35 -3b -34 -34 -34 -34
Minimum mixing enthalpy 98 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 38 | Lananum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadoiinium Terbium Dysprosium Holmium Erbium Thuiium Yeerbium Lutesium
Minimum elastic enthalpy 0.0 100 | 06
Maximum elastic enthalpy 35.2 ACTINIDE
23 -3 16 i 1.7 -16
5| Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Acinium Thorium Protacinium Uranium i Pluionium Americium Curium Berkelium Caliiiornium Eingleini Fermium Mendelevium |  Nobelum | Lawrencium
099 02 099 | 02 0.99 01

Figure A-30. Indium.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-4 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy S n Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
28 -18 80.0 15 994 - 856 -23 -
2 Li Be Elassc Enhalpy (kimol)| 0.0 11 |Mixing Enthalpy (klimol) qrain size| nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 | 11| 000 &3 Element Name| Iron temperature| 273 K 0.00 74 061 114
62 -8 26 -9 Min. Nomaized Boundary Energy] 0.003  14.3 |Percent Soluie on Boundary at Minimum 25.0 4 13 -1 0.1 75
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
098 | 38 1.00 10 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 0.68 144 1.00 08
T -7 38.1 -45 0.9 -45 | 211 -21 394 1 58.1 10 553 -f 60.0 11 65.8 o 673 -4 59.2 T 3T 1 1 -125 -1
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
065 133| 0388 55| 099 02| 1.00 1.9 0.76 13.2 000 151] 032 150| 000 143 0.10 156 0.14 154 000 139 0.36 147
By 7 435 | 46 56 | -bl 34 -43 205 -1 40 - 5 472 4 46.2 -13 301 -34 239 -3 5.6 0 02 0 0.0 0 17 -1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
051 143 083 | 63| 1.00 | 04 | 099 01 1.00 16 046 156 0357 149 | 082 2.6 0.04 45 086 111 0.99 31 1.00 09 1.00 0.9 1.00 17
8o T 616 | 61 53 -35 203 3 33 - 379 - 454 9 445 5 74 -25 268 -10 09 0 03 2 18 2 95 1
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
0353 142] 078 69 0.99 01 1.00 07 041 158 0351 156 057 15.1 080 117 0.59 23 0.92 71 1.00 14 1.00 14 1.00 20 0.93 27
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
134 53 6.0 -52 73 -52 -51 -52 -51 -44 -51 -50 -50 -49 -43 -43 -43 -43
Minimum mixing enthalpy -90 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 27 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 100 | 11
Maximum elastic enthalpy 9.4 ACTINIDE
59 -48 92 -3 89 -30
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
099 03 100 @ 04 Loo 03

Figure A-31. Tin.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-49 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy B a Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
445 o 928 -10 954 -19 837 -90 -
2 Li Be Elassc Enhalpy (kimaol)| 815 37 |Mixing Enthalpy (klimol) qrain size| nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
041 116| 014 117 Element Name| Iron temperature 213 K 021 115 | 100 | 15
109 -3 | 467 -4 Min. Nomaized Boundary Energy] 0.002 8.3 |Percent Soluie on Boundary at Minimum 66.0 -20 566 52 | 302 | -855
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
095 | 65 051 113 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 050 108 094 38
13 6 45 1 437 28 | 634 - 128 - 80.8 50 799 29 81.5 kT 837 11 843 0 814 9 69.8 -23 -30 -63.5 -66
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
098 | 66 1.00 18 | 020 120] 000 9.1 0.01 9.1 0.00 84 000 88| 000 93 0.09 1ne 022 1.8 024 116 042 109
545 9 12 0 263 20 | 482 52 62.8 - 69.9 - 1 789 6 785 -H 725 -62 65.1 28 512 -36 393 -42 388 51 316 -12
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
088 103] 100 10| 063 116] 000 112 | 000 87 000 89 049 116 | 0.75 83 0.88 46 064 04 0.79 712 0.91 48 0.93 39 0.98 23
106 12 0.0 0 ﬂ- 827 - 69.5 - 77 | 42 | 7EO 15 74.6 -14 75 -60 659 60 422 -49 338 4% N6 62 215 -68
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
074 112] 100 09 000 110 | 000 04 000 96| 015 121] 048 117 | 078 o1 0.98 24 0.87 50 0.90 47 0.93 36 0.97 26 0.99 16
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
182 16 224 17 229 18 13 20 20 0 20 pal il 20 22 2 1 24
Minimum mixing enthalpy -212 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 81 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 082 | 111
Maximum elastic enthalpy 85.4 ACTINIDE
T 30 549 52 547 36
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
057 118 000 102 0.07 121

Figure A-32. Barium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-63 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy H f Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
00 30 | 1571 37 189.8 -66 1224 123 -
2 Li Be Elassc Enhalpy (kimol)| 899  -21  |Mixing Enhalpy (kiimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
067 171| 000 171 Element Name| Iron temperature| 273 K 0.00 160 | 088 | 59
134 03 10 Min. Normaized Boundary Energy] 0.504 185 |Percent Soluiz on Boundary at Minimum 18.7 -39 28 17 37 | -1i5
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
014 174 091 157 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 098 40 1.00 05
HE - 70.1 39 28 5 138 o 456 -2 85.0 9 762 -12| 899 -21 104.0 -35 107.6 -42 86.1 -17 84 -24 -34 -65.5 -5
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 137 000 153| 056 134 096 118 0.74 16.2 041 169] 047 168] 030 16.5 0352 15.8 0355 15.2 045 16.7 0.92 8.8
399 680 BN 316 1 0.6 0 136 4 371 -4 47 | 646 B2 62.3 -63 458 -80 177 -13 02 -19 43 -18 9.1 -35 189 -50
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 130 000 143| 062 169| 1.00 16 0.97 122 086 | 147 091 13 0.93 6.1 0.97 38 0.95 8.7 1.00 26 0.99 41 0.99 33 0.98 38
370 730 s 00 0 134 3 36.4 -6 466 30 | 618 43 59.8 -68 49 -90 25 63 13 -2 94 -1 205 23 36.5 -30
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 128]| 000 133 1.00 0.9 0.59 T4 091 (127 095 66| 092 69 0.93 31 0.59 23 09% 23 0.99 29 0.96 83 0.94 79 0.83 100
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
428 15 37 14 30.3 13 13 11 11 a4 11 10 10 10 9 9 38 8
Minimum mixing enthalpy -218 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 104 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 046 171
Maximum elastic enthalpy 189.8 ACTINIDE
T4 6 14 -2 15 -1
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.63 168 1.00 18 Loo 17

Figure A-33. Hafnium.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-46 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy T a Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
18 43 | 1064 -24 1388 -54 77 -0 -
2 Li Be Elassc Enhalpy (kimol)| 452  -15  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
0435 186 040 180 Element Name| Iron temperature 213 K 041 169 | 09 | 44
21.1 2 30 Min. Nomaized Boundary Energy] 0.822 151 |Percent Soluie on Boundary at Minimum 16 -18 a0 56 | 112 | 895
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 165 059 184 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 35 1.00 11
404 - 96.2 60 219 16 0z 1 129 -1 412 o 35.1 -4 45.2 -15 56.9 -24 60.0 -29 428 z 58 -3 -10 -375 -45
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 133 000 133| 066 182 099 58 0.96 122 079 168 077 17.2] 083 15.1 0.81 14.2 0.82 133 066 180 0.95 127
449 - 8.8 BN 670 27 | 182 3 0.0 0 72 -5 -35 | 245 -39 228 -45 127 -52 09 15 52 9 207 13 6.7 -3 435 -13
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 1283| 000 130| 013 186| 086 169 1.00 16 100 | 33 0.99 36 0.99 3 1.00 21 085 177 0.84 174 0.67 18.1 0.69 177 | 0468 173
404 - 91.0 . 134 3 0.0 0 6.6 -T "5 24| 220 -38 206 52 108 -66 14 -32 108 9 279 24 627 16 67.9 9
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 128]| 000 127 0.91 16.0 1.00 09 100 | 14 1.00 14 099 28 1.00 23 1.00 07 1.00 19 0.79 17.7 048 18,5 036 185 | 028 183
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U il
LANTHANIDE
T40 33 453 31 583 2 29 7 v 66 v 5 25 26 23 23 58 2
Minimum mixing enthalpy -173 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 130 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 000 136
Maximum elastic enthalpy 138.8 ACTINIDE
87 18 52 3 29 8
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
012 186 096 141 094 162

Figure A-34. Tantalum.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-24 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> "Nr He
Hydrogen ixing Enthalpy Heium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
52 80 | 1127 -3 1733 -3 66.1 -60 -
2 Li Be Elassc Enhalpy (kimol)| 334 0 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
036 195| 010 194 Element Name| Iron temperature 213 K 000 159 | 094 64
265 22, 38 Min. Nomaized Boundary Energy] 0.773  18.2 |Percent Soluie on Boundary at Minimum 0.7 -2 204 N 177 | -465
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 159| 036 193 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 097 11 097 58
440 - 1154 | &7 439 19 48 -6 28 -1 288 1 219 6 334 0 482 -1 523 -3 300 22 03 15 11 -5 4
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 133| 000 128| 037 194 099 6.7 0.99 5.6 080 181 0.76 186]| 0.77 18.2 0.66 187 0.64 187 033 193 0.82 187
479 - 1026 BSOS 1019 24 | 517 -9 83 -3 0.1 0 T 12 -10 97 -9 23 -6 21 4 174 B3 396 38 74 v 795 25
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
001 129 000 128| 000 166| 0.68 183 0.09 56 100 | 21 0.99 52 0.99 59 0.59 54 051 194 046 104 020 19.5 0.04 19.5 | 0.00 12.0
424 - 1024 | 74 457 -6 9.8 -7 0.0 0 13 4 39 -10 76 -16 11 -20 24 12 21 38 46.2 62 871 45 96.0 45
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 130 000 124 072 183 0.59 36 100 | 09 1.00 09 ] 1.00 31 1.00 27 1.00 0.6 086 183 0.33 19.5 0.00 19.0 0.00 152 | 0.00 143
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U il
LANTHANIDE
100.8 a2 637 9 833 26 26 23 24 64 24 bl | 22 19 19 56 16
Minimum mixing enthalpy -103 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 132 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 000 158
Maximum elastic enthalpy 173.3 ACTINIDE
1290 12 284 1 147 8
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.00 154 079 182 083 183

Figure A-35. Tungsten.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-18 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy R e Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
66 bt ] 9.7 o 160.0 -25 572 -42 -
2 Li Be Elassc Enhalpy (kimol)| 245 0 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
058 196 017 197 Element Name| Iron temperature 213 K 000 171 093 76
28.2 27. 21 Min. Nomaized Boundary Energy] 0.841  17.2 |Percent Solute on Boundary at Minimum 26 -9 289 - 198 -325
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 180]| 049 196 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 098 75 095 78
450 - 1208 28 58.1 -17 9.1 -25 0.5 -13 205 -4 150 -1 245 0 T z 414 2 28 18 0.0 8 3 -5 -6
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 148| 000 142| 067 182] 099 39 1.00 19 090 159 088 17.0| 0584 179 0.71 189 0.68 19.0 064 194 0.89 18.1
488 - 1066 & 39 | 1120 -4 | 644 -35 185 -26 08 -T 0 54 -1 44 1 0.3 6 53 38 223 i} 459 29 825 20 83.3 23
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 144 000 145]| 005 19.7| 080 136 0.09 43 100 | 18 0.99 64 0.98 10.1 0.96 163 053 197 0.50 19.6 024 19.8 0.01 19.8 | 0.00 18.0
430 - 1067 @ 42 586 = 30 18.0 -24 14 4 0.0 0 36 1 28 3 0.0 -4 6.6 20 261 3 52.0 44 a7.3 44 104.1 40
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 145 000 143 0.81 13.0 0.59 47 100 | 13 1.00 09 ] 1.00 27 1.00 32 1.00 09 073 193 036 19.7 0.00 199 0.00 149 | 0.00 146
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U il
LANTHANIDE
108.4 3 69.1 0 90.5 -2 -2 -5 -4 4 -4 =i T -5 9 9 2 -12
Minimum mixing enthalpy -72 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 101 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 000 195
Maximum elastic enthalpy 160.0 ACTINIDE
1424 -16 360 T 20.1 -10
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.00 17.7 087 142 093 127

Figure A-36. Rhenium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-13 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy 0 S Hefium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
990 11 788 -2 136.6 -24 439 -35 -
2 Li Be Elassc Enhalpy (kimel)| 122 -4 |Mixing Enthaipy (kJimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
074 195] 031 200 Element Name| Iron temperature 213 K 002 200 | 096 62
30. 36.7 Min. Nomaized Boundary Energy] 0.852  11.4 |Percent Soluie on Boundary at Minimum 9 -18 456 | 36 | 234 295
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 196]| 056 198 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 098 59 0.89 98
467 - 129.2 4 740 5380 197 -41 0.8 -23 95 11 63 9 122 -4 224 o 255 1 108 10 18 -1 - -145 -1
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 157 000 144)] 072 146 098 40 1.00 12 098 59 0.98 73| 096 14 0.86 178 081 185 0.81 19.2 0.96 13.2
50.2 - 1127 13 | 1283 -28 | 863 QEGS 321 -39 78 -14 0 0.3 0 o1 2 13 ] 136 2 3 14 56.5 16 1011 9 104.1 14
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 152 000 151 010 199| 076 120 0.6 58 100 | 30 1.00 17 1.00 37 0.93 17.7 052 201 0.50 200 021 202 0.00 1753 | 0.00 16.1
439 - 108 16 826 48 70 -38 101 -10 39 -1 0.0 0 o1 il 3.8 0 182 13 330 ) 617 30 143 | 32 170 20
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 155 000 151 075 128 0.95 64 100 | 34 100 18] 1.00 09 1.00 14 1.00 22 062 199 0.33 202 0.00 19.5 0.00 135 | 0.00 134
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1206 -1 79 -24 1023 = -26 -26 -29 -28 9 -28 -30 -29 -28 -3 -31 4 -34
Minimum mixing enthalpy -60 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 74 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 008 200
Maximum elastic enthalpy 164.2 ACTINIDE
1642 | -39 543 | -3 30.1 -26
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Thaorium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
0.00 16.5 084 122 094 87

Figure A-37. Osmium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-20 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy I I' Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
87 9 80.2 -5 136.7 -26 452 -32 -54
2 Li Be Elassc Enhalpy (kimol)| 134 -9 |Mixing Enthaipy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
095 105] 028 198 Element Name| Iron temperature 213 K 000 176 | 095 65
305 28 35 13 Min. Nomaized Boundary Energy] 0.876 7.1 |Percent Soluie on Boundary at Minimum 7.0 -30 430 | 43| 230 @ -305
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
023 201 078 167 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 32 092 75
465 1281 -23 | 1.7 6@ 18.0 -57 0.5 -34 105 -18 71 -18 | 134 4 238 -3 269 -2 18 o 15 -13 -21 -245 -19
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 176| 000 166| 083 92| 099 24 1.00 07 099 37 099 40| 098 71 0.88 16.2 0.83 175 092 156 0.99 42
50.1 - 1119 16 | 1260 F-637| 829 - 293 -53 6.4 -2 2 0.6 -1 0.3 1 0.8 6 122 16 300 0 55.1 0 98.4 -5 102.0 1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 169| 000 186| 036 173] 084 83 0.8 36 100 | 135 1.00 1.0 1.00 1.7 0.97 15.1 068 196 0.67 19.1 039 19.8 0.00 19.0 | 0.00 16.7
433 101 14 785 68 338 -52 84 -16 29 3 0.1 1 0.0 0 28 0 16.2 13 241 9 60.4 14 111.8 16 115.2 14
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 175]| 000 133 0.84 3.6 0.98 40 100 | 13 1.00 07| 1.00 03 1.00 09 1.00 09 0.6 193 051 193 012 201 0.00 137 | 0.00 134
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
1188 | 48 T6.7 -50 1007 | 52 -51 -55 53 -18 53 -55 -55 53 -56 -56 -22 -59
Minimum mixing enthalpy -76 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 45 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 037 176
Maximum elastic enthalpy 161.0 ACTINIDE
161.0 =64 515 | -50 286 -44
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
016 18.0 0.90 17 097 48

Figure A-38. Iridium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-4 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy Pt Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
62 -3 53.1 -10 737 -28 406 -30 -52
2 Li Be Elassc Enhalpy (kimol)| 129 -13  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
099 | 42| 068 184 Element Name| Iron temperature 213 K 0.68 168 | 097 | 63
276 1| 238 -3 Min. Nomaized Boundary Energy] 0.872 6.8  |Percent Soluie on Boundary at Minimum 1.7 -4 194 53 | 189 345
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
071 187 095 71 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 20 099 34
448 - 1157 = -85 | 463 =88 57 -74 0.3 -45 1.0 -24 87 =28 | 129 -13 19.2 -7 210 -5 121 -12 0.0 -28 -38 =375 -3
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
043 195| 051 165| 056 46| 1.00 1.1 1.00 0.8 099 38 099 38| 098 6.6 094 126 091 15.0 097 83 1.00 27
436 - 1037 50 | 977 B=SdN| 46.0 - 87 -67 03 -28 -3 a7 -1 22 -2 0.2 2 33 -1 182 -18 395 -2 66.5 -25 764 -17
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
040 195]| 036 163| 079 96 | 097 37 1.00 11 100 | 08 1.00 31 1.00 41 0.8 10.5 095 134 0.93 104 0.82 149 0.65 176 | 047 121
429 - 1036 50 307 Rt 9.8 -66 06 -20 0.0 4 17 0 13 0 0.0 0 3.4 4 232 9 464 -3 828 5 941 -3
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
044 195 056 163 0.98 33 1.00 1.0 100 | 06 1.00 07| 1.00 14 1.00 26 1.00 09 093 167 0.84 16.3 0.64 18.3 028 195 | 020 19.6
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U u U
LANTHANIDE
9.3 -80 640 -81 822 -82 -82 -85 -84 -51 83 -85 -84 83 -86 -85 -54 -88
Minimum mixing enthalpy 100 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 10 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 077 @ 103
Maximum elastic enthalpy 119.8 ACTINIDE
119.8 =G4 244 | 68 15.5 -63
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluorium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
074 103 099 | 31 Loo 23

Figure A-39. Platinum.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-3 Decreasing Solute Requirement -->
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy - Au Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
28 -37 398 o 481 -2 36.5 -20 -58
2 Li Be Elassc Enhalpy (kimol)| 143 8 |Mixing Enhalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 | 13| 050 175 Element Name| Iron temperature| 273 K 0.46 179 | 0% | 34
225 14| 103 -32 Min. Nomaized Boundary Energy] 0.803 161 |Percent Solute on Boundary at Minimum 0.0 -22 43 30 | 126 135
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
087 ' 106| 099 25 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 1.00 07 1.00 06
416 9 945 B0 | 206  -74 0z -47 29 -19 13.0 0 14 -1 143 8 18.5 T 19.7 T 139 9 12 -18 -19 -215 -1
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
051 172| 049 M7| 100 17| 1.00 0.2 1.00 03 099 56 099 | 36| 090 16.1 0.86 16.5 0.83 16.8 098 45 1.00 12
460 10| 890 -b9 | 602  -74 | 165 - 0.6 -32 09 3 56 T 27 0 0.0 -6 65 -1 207 -1 325 -10 442 -4
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
045 174 054 113] 087 | 58 | 1.00 04 0.59 02 100 | 02 0.98 16.6 1.00 07 1.00 08 1.00 1.0 0.99 39 0.89 103 0.73 1491 041 17.9
#4129 918 60 123 | 63 07 -32 03 12 20 48 13 19 4 00 0 120 4 276 2 471 2 63.4 2
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
051 172 031 113 1.00 0.7 0.59 01 099 |0l 099 01 ] 098 17.0 1.00 04 0.59 01 100 09 0.92 110 0.66 17.0 023 184 | 0.00 162
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
698 13 448 73 55.3 73 73 -5 T4 -58 T4 -4 -T4 -2 -T4 -4 -59 -5
Minimum mixing enthalpy -174 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 20 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 081 = 69
Maximum elastic enthalpy 4.5 ACTINIDE
69.7 -8 63 -43 43 -45
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
083 6.1 100 | 06 Loo 04

Figure A-40. Gold.
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1 1A Increasing Elastic Enthalpy > Solvent 18 VIIA
-3 Decreasing Selute Requirement —>
1 H Decreasing Grain Boundary Energy > He
Hydrogen ixing Enthalpy T ]. Helium
2 A negaiive zero posiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
12 15| 156 | 28 167 |2l | 15319 "ot |
2 Li Be Elasic Enthalpy (klimol)] 10.7 31 |Mixing Enhaipy (klimoi) grain size] nm B C N (8] F Ne
Lithium Berylium Fe Atomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Meon
100 | 08| 068 151 Element Name Iron temperaiure] 213 K 0351 154 100 | 0.0
24 1| 10 3 Min. Normaized Boundary Energy| 0.6855 154 |Percen: Soluiz on Boundary at Minimum 54 1 27 4 0.0 -15
3| Na Mg Al Si P S Cl Ar
Sodium Magnesium VIIB Aluminium Silicon Phosporus Sulphur Chirine Argon
100 | 17 100 | 07 3 e 4 VB 5 vB 6 viB 7 viiB 8 9 10 11 B 12 ns 099 115 099 02
205 -13 122 -40 05 -28 45 2 T4 22 104 H 101 11 107 3 116 18 18 13 107 15 6.6 6 6 9. 3
4 K Ca Se Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Galiium Germanium Arsenic Selenium Bromine Krypion
085 | 83 1.00 17 | 099 02 | 099 02 099 02 063 154 | 097 122| 066 154 L.oo 03 1.00 04 093 138 099 38
274 14 178 44 07 -35 10 -19 42 26 54 - % 85 24 83 5 73 =4 50 3 18 2 02 0 01 2 0.1 -1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te 1 Xe
Rubidium Strongum Yirium Zirconium Niobium Molybdenum | Technesum Ruthenium Rhodium Paladium Siver Cadmium Indium Tin Angmony Tedurium lodine Xenon
075 103] 088 24 | 099 02 | 098 01 099 01 047 157 099 01 0.99 01 099 02 1.00 08 1.00 10 L.00 08 1.00 08 L.00 08
292 -15 25.1 -49 15 -1 42 24 6.3 - 70 - 8.1 30 3.0 14 69 =] 5.1 -2 06 1 0.0 0 0.1 1 1.6 -1
6 Cs Ba |La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hanium Tanialum Tungsien Rhenium Osmium Iridium Piainum Gold Mercury Thalium Lead Bismuih Polonium Asiaine Raden
073 105]| 096 | 32 0.98 01 0.98 0.1 043 157] 069 155] 098 0.1 0.50 0.1 1.00 0.0 1.00 04 1.00 11 1.00 09 1.00 09 1.00 13
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uug Uup Uuh | Uus | Uuo
Francim Radium Aclinide Rutherfordium Dubnium Seaborgium Behrium Hassium h i D il R i Ununbium Ununirium U i U i u u u
LANTHANIDE
26 -38 10 -37 11 -36 -36 -35 -35 -41 -35 -34 -34 -3 -3 -32 -39 -32
Minimum mixing enthalpy &1 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 52 | Lananum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadoiinium Terbium Dysprosium Holmium Erbium Thuiium Yeerbium Lutesium
Minimum elastic enthalpy 0.0 100 [ 03
Maximum elastic enthalpy 28.2 ACTINIDE
0.6 -28 23 1 24 10
5| Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Acinium Thorium Protacinium Uranium Pluionium Americium Curium Berkelium Caliiiornium Eingleini Fermium Mendelevium |  Nobelum | Lawrencium
0.99 02 099 |02 0.99 01

Figure A-41. Thallium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-1 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy Pb Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
37 -21 353 25 378 30 36.2 -13 -
2 Li Be Elassc Enhalpy (kimol)| 251 29 |Mixing Enthalpy (klimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
100 | 10| 015 153 Element Name| Iron temperature| 273 K 0.00 142 100 | 03
24 18| 33 -8 Min. Normaized Boundary Energy] 0385  15.2 |Percent Soluiz on Boundary at Minimum 133 10 74 -2 0.2 45
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
100 | 14 100 | 09 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 0.85 135 1.00 04
216 -1 16.1 -52 20 -40 | 114 -8 18.0 15 245 28 238 7 25.1 29 26.9 17 275 13 250 15 159 5 5 -5 6
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
090 | 64 099 18 | 099 | 02| 1.00 0.4 0935 134 040 152] 076 137| 039 15.2 0.67 147 0.73 143 060 147 0.85 126
284 23| 227 | 56 04 | 48| 34 -33 11.0 17 158 - 26 | 204 25 201 6 178 -18 126 3 50 2 11 -1 o7 2 0.0 1
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
083 | 77| 098 [ 25| 0989 [ 02| 099 01 0.09 02 040 154 076 143 1.00 11 1.00 1.0 0.98 6.3 1.00 235 1.00 09 1.00 0.9 1.00 1.0
206 26 | 309 62 46 -23 109 15 165 - 171 - 197 32 154 16 170 B 130 2 20 1 02 1 0.0 0 15 0
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
083 76| 095 | 33 0.99 01 0.59 01 035 154 049 155] 070 151 100 = 130 0.59 01 09% 30 1.00 16 1.00 09 1.00 0.9 1.00 17
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M il D il R i Ununbium Ununérium u i U l U i u il U il
LANTHANIDE
29 -51 09 -50 10 -49 -49 -49 -43 -53 -43 -47 -46 -45 -45 -45 -50 -45
Minimum mixing enthalpy -82 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 4% > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 099 | 03
Maximum elastic enthalpy 37.8 ACTINIDE
04 -41 65 9 6.6 -20
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
099 01 099 02 099 02

Figure A-42. Lead.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
-61 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy T h Helium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
134 14 | 2076 -37 2278 -57 186.5 | -123 -
2 Li Be Elassc Enhalpy (kimol)| 1539 -11  |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
077 146| 000 95 Element Name| Iron temperature| 273 K 0.00 9.1 064 90
18 [ 38| 194 3 Min. Normaized Boundary Energy] 0.003 125 |Percent Soluiz on Boundary at Minimum 78.2 -40 482 -7 18 1195
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
061 151 088 128 3 e 4 VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 070 123 097 38
nT - 28 19 154 0 123 8 1129 9 1488 2 1426 -8 | 1539 -1 1653 -30 168.2 -39 151.1 -24 914 -30 -39 -i25 -82
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
013 153 063 148)] 083 11.7| 041 150 0.05 15.2 000 17| 000 124] 000 125 0.00 133 0.00 14.1 000 135 0.49 144
284 - 204 | 27 0.0 1 2538 4 T35 20 1042 13 -39 | 1312 45 | 1204 -63 113.2 Ul 781 -2 291 -32 89 - 2.0 -48 14 -5
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
000 151 047 151| 1.00 | 25 | 0.88 135 034 15.1 014 152 045 141 | 038 123 0.77 83 062 138 0.94 6.7 0.99 29 1.00 18 1.00 09
200 - 380 | 30 w7 6 T 18 1035 12 | 1130 16 | 1285 -39 | 1266 64 1113 04 86.1 -8 1.6 -39 30 28 13 -4 11 43
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 143 036 151 0.81 142 | 039 15.1 021 151 041 148] 046 143 0.63 11.6 0.85 6.7 0.84 73 0.99 30 1.00 21 1.00 13 1.00 13
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
30 3 03 2 04 2 2 1 1 23 1 1 1 1 1 1 18 0
Minimum mixing enthalpy -237 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 78 Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 093 | 83
Maximum elastic enthalpy 227.8 ACTINIDE
0.0 0 440 4 39.5 o
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
1.00 09 071 145 0.79 140

Figure A-43. Thorium.
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1 1A Increasing Elastic Enthalpy —> Solvent 18 VIIA
53 Decreasing Solute Requirement >
1 H Decreasing Grain Boundary Energy —> He
Hydrogen ixing Enthalpy U Heium
2 1A negaiive zero pasiive 13 1A 14 IVA 15 VA 16 VIA 17 VIA
01 30 | 2160 -27 2849 -54 1402 | -105 -
2 Li Be Elassc Enhalpy (kimol)| 1151 11 |Mixing Enhalpy (kimol) qrain size] 30 nm B C N (8] F Ne
Lithium Berylium Fe Afomic Symbol initial solute fraction 0.010 Boron Carbon Nirogen Oxygen Fluorine Neon
063 175| 001 81 Element Name| Iron temperature| 273 K 0.01 64 074 | 81
163 BB 23 14 Min. Normaized Boundary Energy] 0.000  16.2 |Percent Soluiz on Boundary at Minimum 144 30 04 | -B6 52 985
3| Na Mg Al Si p s Cl Ar
Sodium Magnesium ViIB Aluminium Silicon Phosporus Sulphur Chiorine Argon
000 165 084 167 3 e VB 5 VB 6 VIB 7 viig 8 9 10 11 B 12 [11:3 099 36 1.00 03
369 - 822 ar 9.0 3 94 o 49.2 1 106.8 -3 90.7 -5 | 1151 -1 1382 -23 1438 -29 106.9 -7 248 -15 -25 -52.5 -60
4 K Ca Se Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Polassium Calcium Scandium Tianium Vanadium Chromium Manganese Iron Cobait Nicke! Copper Zinc Galium ‘Germanium Arsenic Selenium Bromine Krypion
000 123 000 127| 083 139] 099 6.4 0.62 16.9 000 165 012 175| 000 16.9 0.00 145 0.00 14.4 000 166 091 104
4138 - 778 | 48 | 481 1" 51 -3 6.2 4 394 2 -31 | 806 -36 76T -46 503 -59 134 0 03 -8 99 T 20,0 -3 n7 -34
5| Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sh Te I Xe
Rubidium Stronfum Yrium Zirconium Niobium Motybdenum | Technesum Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Angmony Telurium lodine Xenon
001 11.7| 000 122| 037 175] 1.00 23 1.00 34 076 164 0.73 | 125 079 102 0.04 35 091 137 0.99 33 0.95 92 0.95 6.9 0.92 13
383 814 | 62 20 -2 9.0 3 389 1 24 AT | 778 -3 74.6 -60 453 -68 182 43 40 -10 164 1 ur 9 51.0 -15
6] Cs Ba (La-Lu Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Caesium Barium Lanthanide Hafnium Tanialum Tungsien Rhenium Osmium Iricium Piginum Gold Mercury Thalium Lead Bizmuih Polonium Agiaine Radon
000 116 000 117 1.00 0.9 1.00 12 082 159 086 118] 075 124 | 0384 3.8 0.98 33 09% 28 0.98 52 0.82 153 0.74 156 | 062 16.1
7| Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Uub Uut Uuq Uup Uuh | Uus | Uuo
Francium Radium Acfinide Rutherfordium Drubnium Seaborgium Bohrium Hassium M D R i Ununbium Ununérium u i U l U u U
LANTHANIDE
573 15 329 14 428 12 12 10 11 43 11 10 9 10 8 8 36 7
Minimum mixing enthalpy 189 La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Maximum mixing enthalpy 104 > Lanthanum Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yeerbium Lussum
Minimum elastic enthalpy 0.0 019 176
Maximum elastic enthalpy 284.9 ACTINIDE
59.2 4 0.0 0 0.0 1
L Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
Actnium Tharium Protacinium Uranium piuni Pluonium Americium Curium Berkelium Californium Einstzini Fermium Mendelevium | Nobefum | Lawrencium
037 174 100 | 09 Loo 08

Figure A-44. Uranium.




List of Symbols, Abbreviations, and Acronyms

°C degrees Celsius

A Angstrom

Al aluminum

bcc  body-centered cubic
cm  centimeter

Co  cobalt

Cr chromium

Cu copper

fcc  face-centered cubic
Fe iron

g gram

GPa gigapascal

hcp  hexagonal close-packed
Hf hafnium

kJ kilojoule

Mg  magnesium

mol  mole

Nb niobium

Ni nickel

Pb lead

Pd palladium

Sn tin

Ta tantalum

Ti titanium
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Zn
Zr

vanadium
tungsten
zinc

zirconium
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